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FOREWORD

The research work in this report was perfoimed by The Boeing Company, Seattle,
Washington, for the Flight Dynamics Laboratory, Directorate of Aeromechanics,
Deputy for Technology, Aeronauticel Systems Division, Wright-Patterson Air Force
Base, OChic, under AF Contract No. AF 33(616)-7395. This research is part of a
continuing effost to obtain design criteria for dry film lubricated rotating power
conversion equipment bearings for flight vehicles, which is part of the Air Force
Systems Command's Applied Research Program T50F, Flight Vehicle Power. The FProject
No. is 8123 "Power Comversion and Transmission Technology', and the Task Ko. is
812801 "Antifriction Bearings". Paul C. Hanlon of the Flight Dynamics Laboratory
was the Project Engineer. The research was conducted from 1 June 1960 to
30 November 1962 by M. E. Campb2ll and J. W. Van Wyk.

The authors wish to acknowledge all coacerns who contributed lubricants, bear-
ing materials and bearings for evaluation in the program. Appreciation is also
especlally extended %0 Dr. E. N. Klemgard and Mr. L. C. Lipp of Washington State
Univers ' *v for conducting experimentel research and testing in this program.

In addition to the authors, other Boeing personnel whe perticipated in this
investigation were Messers, C. 5. Amstrong, R. H. Bradley, J. J. Bostjacic,
J. H. Hoed, P. L. Kochmstedt, R. 0. Mlady, K. W. Richardson and F. Schenk.

This is the final report on the contract.
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ABSTRACT

This research program was initiated te determine the extent to which dry
lubricant films could be used in future bearing systems for electrical acceasory
applications. The program was separated into two phases,.

In Phase I, twenty each, dry film lubricated 20 millimeter bore, plain, ball
and roller bearings were tested in 900°F air at 15,000 rpm with a 75 pound radial
and a 25 pound axial load. All available bonded dry film lubricent coctings were
wprlied to the bearings and tested. NKone were satisfactory. Two different bear-
ing designs, which used an unconventiecnal dry film lubrication technique, demon-
strated the feasibllity of operation at 15,000 rpm in 900°F air.

In Phase II, roller and ball bearings were evaluated through the temperature
range 70 to 1500°F at 15,000 rpm !n a vacuum. The vacuum levels attained ranged
between 5 x 10-4mm Hg to 5 x 10-6mm Hg. The initial tests in vacuum conducted on
the two successful Phase I bearing designs resulted in early failures. These testis
showed that the dry film lubricants, whica were satisfactory in air, were entirely
inadequate ‘or vacuum operation. Therefore an investigation wes initiated to
develop nev materials which would provide dry film lubrication under vacuum con-
ditiocns. Over 400 compositions of dxry lubricant and metal powders were fabricated
using powder metallurgy techniques. Friction, wear, thermal expansion and fracture
strengths of these materials were determined.

Thirteen roller bearing tests were conducted in vecuum using spacer rollers
made from the lubricant camposite materials. All tests resulted in early failure.

Conception of & new and unique bearing design utilizing lubricant composite
materials as the cage resulted in successful vacuum operation for both ball and
roller bearings. The roller design gave 1 hour and 25 minutes of vacuum operatioa
at speeds of 5000, 10,000 and 15,000 rpm and temperatures of 250°F to 34LO°F. A
test of the ball bearing design was terminated after 2 hours wnd 20 minutes of
vacuum operation at speeds of 5000, 10,000 and 15,000 rpm and temperatures of
200°F to 680°F without bearing failure. Ko wear, acoring or pitting was evident
in either of the roller or ball bearings after test. The new cege designs are
amenable to substantial improvement through refinement of lubricant composite
composition and cage design. The ball and roller tests demonstrate the feasibility
of the lubricant compesite cege design for high speed operation with dry lubricant
films under vacuum conditiens.

PUBLICATION REVIEW

This report has been reviewed and is approved.

T

AMBROSE B. NUTT
Asst, Chief, Dynamics Branch
Flight Dynamics Labcratory
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INTRODUCTION
n Electrical accessory bearings in advanced flight vehicles will be exposed to
’ nuclear radiation, high and low temperatures and will be required to operate under
vacuum conditions.
Various efforts are being expended to obtain bearing systems that will operate
. in the environments anticipated for future flight vehicles. The possibility of
K ) extending the maximum operating range of organic fluids to 1500°F appears very

marginal. Organic lubcicants are also prone to chemical and physical change under
nuclear radiation. Development programs on liquid metal lubricants and gas bear-
7 ings have been initiated in attempts to solve tnis problem. Dry film lubrication
. has been used extensively for heavily loaded low speed alrframe bearings. These
. films have also exhibited good resistance to high temperatures and nuclear radi-
G ation.

This research program was initiated to determine the extent to which dry films
can be used in future bearing systcms for electrical accessory applications. Dry
film lubricat d 20 mm bore bvearings were investigated for operation in both air and
10-6 m Hg vacuum, at speeds of 15,000 rpa. This program had two phases. Phage I

® was a feasibility program limited to 900°F. In Phase II, the feasibility of bear-
o ing operatior at high speeds, light locads, in air and vacuum throughout a temper-
ature spectrum from 250°F to 1500°F was investigated. Testing after exposure to
nuclear radiation was originally ircluded in this phase; however, dne to a re-
direction of effort in the program this investigation was nct completed.
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This report is separated into three gsections: (1) Phase T-Q00°F in Air P
testing of plain, ball and roller bearings, {2) Phase IX-1500°F in Vacuum testing -
of ball and roller bearings and (3) a "Materials Section" Table LXXV which includes -

Jubrication development conducted in both Fuase I & II.
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Manuscript released by authers January 1963 for publication as an ASD Technical 3
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SUMMARY

Thia research progran was initisted to determine the extent to which dry
lubricent films could be used in future bearing systems for electrical accessory
applications. The program was separated into two phases.

In Phass I, twenty cach, dry f1lm lubricated 20 millimeter bore, plain, bsll
and roller bearings were evaluated. Testing vas conducted in 900°F air at 15,000
rpa with a 75 pound rajial and a 25 pound axial load. All available bonded dry
film lubricant coatings were spplied to the bearings and tested. Nopne of the con-
ventional bonded dry f£ilm coatings were satisfactory as Learing lubricants under the
operating conditions investigated. Two different bearing designs, which used an
unconventional dry f1lm lubrication technique, demonstrated the feasibility of
operation at 15,000 rpm in 900°F air. One design, a full complement titanium
carbide cermet roller bearing, utilized ATJ graphite as a spacer roller to provide
a replenishing film of grgphite lubricant to the rollers and raceways. This design
resulted in the lowest wear rate (0.00015 inch per nour) of all bearings tested in
Phase I. The other successful bearing design wvas a full complement bell bearing
fabricated from a titanium carbide cermet. Lubrication for this bearing was obtain-
ed from the oxide film which formed continuously on all surfaces at elevgted temp-

eratures. This bearing indicated the lowest friction coefficlent ( 4 = 0.002) of
all Phase I bearings,

In Phase II, 20 millimeter bore roller and ball bearings were evaluated
through tke temperature range TO°F to 1500°F at 15,000 in a vecuum, The vacuum
levels attained ranged between 5 x 10™ Hg to 5 x 10~ Hg. Initial tests in
vacuun were conducted on the two succeasful Phese T beaxing designs. The roller
bearing design using ATJ graphite spacer rollers did not lubricate in the vacuum
environment and excessive graphite wear resulted in failure after 3-1/2 minutes of
operation. The full camplemert ball bearing test resulted in high friction and
raceway pitting after 25 minutes of vacuum operation. The lack of air prevented
the formetion of an oxide lubricant film. These tests showed that the dry film

lubricants, which were satisfactory in air, werc entirely inadequate for vacuum
operation.

Therefore an investigation was initiated to develcp new materials which would
provide dxy film lubrication for the spacer roller bearing design under vacuum con-
ditions. Over 400 compositions of dry lubricant and metal powders were fabricated
using powder metallurgy techniques. Compressive frachure strengths were determined
for sll specimens fabricated and over 150 friction and wear screening tests were
conducted. Thermal expansion measurements were obtgined for selected compositions.

Thirteen roller bearing tests were conducted in vacuum using spacer rollers
made from the lubricant composite materials which were selected on the basis of the
screening tests. All tests resulted in early failure due to either inadequate
lubrication, disintegration of the lubricant composite materfals or excessive lubri-

cant builld-up within the bearing. The lougest life attained in these 13 tests
was 5.7 minutes.
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Conception of & new and unique bearling decign utillizing a lubricant composite
naterial as the cage resulted in successful vacuum overation for both bald and
roller bearinss.  The rollter bearin design gave 1 hour and 79 nlautes of vacuu:
S2ravlon b specds o S0, 15,000 ani 15,000 rpmoasa tenperatures of DH0°E to
O Wil Lo Lo temilnation moulling oniy from fractiare of oa fliangge on ow lulri-
JHLt canpos it segment. A teot o the ball bearing acsign was teiminatesdl at'ter
D ohieur. o ant OO0 mindbes of vacuvus onvrabtion at spceds of cadoy, 10,000 ant 20,000 rum

WLoLhOLL earin

corAallure altnowgh a4 heater elarent

aillure Zimivto the Lot Lenmper-
orf £93%F. N wear, c20ring or pitting wwe evieent in either of
e roiier or ball bearings after ooot. The aow ; cighs are anenatle to
substantial inprovesent through refinement of lubricant compusite compositlon uanag
cage deaign.  The ball and roiler toeotle demonstrate the feaslbility of the lubri-
cant composite cace decign for high speed operation with: dry lubrlcant film: under
vacuum condition:.
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PHASE I BEARIMG TESTS TO 900°F IN AIR

The following r~ontractusal requirements were specified for the Phese I program:

1. To evaluate ten dry film lubricants for use in the Phase I bearing
tests.

2. To test twenty each, 3ll, roller and plain hearings for feasibility
at 900°F, 15,000 rpm i vnder vacuum of 10-6mn Hg.

In the Phase I program the e .ation and testing cited above were completed.
A lubricant development program in liceing Leboratories was lnitiated at the begin-
ning of the contract. This lubricant development progream was supplemented by a
subcontract with the Washington State University. The details of the work accom-
plished in the Phase I effort are included in the following subsections of this
report:

A. BEARING DESIGN, Page U4
B. TEST EQUIPMENT, Page 7
C. BEARING TESTING, Puge g

D. LUBRICANT DEVELOPMENT, "MATERIALS SECTION", Page T2

A. BEARING DESIGN

The following discussion outlines the bearing designs used in this rrogranm:

1. PLAIN BEARINGS

The Phase T plain bearing design was a conventional bushing with 1.10 inches
0.D. aud a 20 mm bore. The initial design provided a bearing width of
0.400 inches. The testing conducted during the initial repory period
indicated that a decrease in bearing stress of 50% would pruvide a signif-
cant decrease in bearing wear rate.

In discussions with the Contiacting Agency a revision to the plain bearing
design was presented. An increase in the plain bearing width tn twice the
width of & rolling element bearing was proposed. It was consldered that
this width increase would provide a plain bearing comparable to the rolling
element bearings from a welght and envelope standpoint. Thils plain bearing
width would provide a stress on the projected bearing area of 86 psi.

It was detemmined that testing plain bearings with a width greater than the
rolling element bearings would necessltate extensive test equiypment modifi-
cation. For this reason a contract change to permit testing of the plain
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3.

bearings at s stress level of £6 psi was propnsed. The radial clegrance
was adjusted to accommndate the various lubricants being tested. This
same basic design was used for »ll materials and lubricants tested in the
Phase I plain bearing testing. The full thrust face width was used to
carry the load. A drawiuag of this plain bearing is shown in Figure 1.

BALL BEARING

The design of the Phase I ball bearing was based on the current knowledge
of bearings and dry film lubrication. The bearing is unique primarily
because it has been designed specifically for high temperatures, high
speeds, low loads and dry film lubricationm.

The bearing is basically an angular contact type with larger than normal
balls (3/8 inch diameter) and 56% imaer and outer race curvatures. In
the original design the separator was hall controlied through replacesble
inserts which completely surrounded the ball. The number of rolling
elements in this design was five. A drawing is shown in Figure 1. The
bearing material was titanium carbide cermet for races, balls, separator
and inerts.

The original bearing design incorporated inserts with a 13 degree taper on
the control surface. It was determined from the first two tests that this
angle was not adequete., The insert was redesigned to a 25.5 degree angle.

A modification of this bearing design was investigated without a separator,
but with a full ball complement. Spacer balls 0.002 inch undersize were . @
also used. Another design modification which was evaluated, used an inner

land riding No. 25 retainer.

ROLLER BRARING

The original roller bearing design followed the same concept as the
original ball bearing design cited sbove. I was a titanium carbide,
5 roller, double 1lip inner race, single lip outer race design.

The sepcrator wes roller controlled but was not of the insert type. ‘“the :
separator had titanium carbide pins secured to a main ring which projected )
into & relief at each end of the roller. The main ring vas febricated o
from & 0.5% titanivm molybdenum alloy. The thermsl expansion coefficient
of this material is slightly less than that of the titanium carbide cermet

K-162B. This factor 7as intended to maintain the press fit of the carbide

Pine in the main ring. Also, this design reduced sliding velocities at e
the control point. A drawlig of the roller bearing is also shown in @
Figure 1. B
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Test Bearing
Thrust Vasher PLATN BRARING

Test Configuretion Shaft -
T4LC K-162-3
_ - - - Bearing - as required

tm Iabricant - All sliding surfaces
—1_ T

@ BALL BEARTNG

Test Configuration

Beils - 3/8 dismeter

- - - Race - 56% Both Races
Sheulders - 18% Both Races
Clesrance - ,0005 to .00l0 ik.

Basic 20%
}
T '1* T ROLLER BEARTIG
|
Pest Configuratien
- - Rollers - 3/8 Diameter
Shoulders - 13% Both Reces
Clearance - .0005 to .0010 in.
Basic 204

FIGURE 1

FIGURE 1 TEST BEARTNG CONFIGURATIORS
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Three modifications of this bearing design were evaluated. They were:
(1) a slotted cage ring wuich vas designed to provide air flow through
the bearing and thereby discharge wear debris, (2) s full roller comple-
ment of carbide rollers, and (3) a full roller complement with spacer
rollers acting as lubricant carriers.

TEST EQUIPMENT FOR 1500°F ARD 10~Smm Hg

The following is a discussion of the design and cperation of the high speed,
high temperature, high vacuum tesi machine. An overall view of this equipment
is shown in Figure 2.

1.

DRIVE SYSTEM

The prime mover consisted of a Vickers fluid motor and a Vickers hydranlic
pover unit with a variable volume pump. A double timing belt drive pro-
vided a total step-up ratio of 4.75 to 1. A speed of 3158 rpm of the
fluid motor drove the test shaft at the required spzed of 15,000 rpm.

Te flow through the pump vas controlled manually and control of the test
shaft speed was permitted through the range ot 50 to 17,800 rma. Auto-
matic overload control was provided by the relief valve, and a by-pass
valve provided a method of stopping the fluid motor. The drive system
sprockets and shafts were dynsmicelly balanced.

The system operated through all speeds satisfactorily.
LOAD SYSTEM

A single welght arm was designed and fabricated to apply a radial load

of 75 pounds to the test bearing through a knife edge and load strap. This
welght arm was modifled to provide loads of 75, 37.5 and 27.5 pounds to
conform with revised loads for testing plain bearings.

The load strap failed on one test because of the vibration fatigue and
high temperature conditions which are unique in this test machine design.
T™e radius on the load strap was substantially increased to eliminate
stress concentrations. Operation with this modification was then satis-
factory.

The dead welght system was calibrated with a dynamometer bar and provided
loads with an accuracy of + 0.5 pounds.

Axisl load was applied by a cantilever strain beam and was calibrated to
indicate axial load on the test beariug directly in pounds.

FRICTION MEASUREMENT
Friction was measured with two linear cantilever struin heams that restrict

the rotation of the load strap beam about the kmife edge. Friction reed-
inge vere reported on a Bristol recorder. The reeding on the recorder

T
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vas precalibrated (for senmsitivity, load and bearing size) to indicate
coefficient of friction value directly.

4. HEATING SYS™EM

Bearing temperatures of 900°F and 1500°F in air were obtained with a
nichrome wire resistance heater located on both sides of the test bearing.
A single heater was used for plain bearing tests. With two heating ele-

mante  the temnaratnre gradiarnt scross the omter race of antifriction

bearings did not exceed 15°F.

Tantalum wire of the seme dismeter as the nichrome has been used satiz-
tactorlly for tests in vacuum at SO0°F.

5. VACUM SYSTEM

The vacuum system consisted of & mechanical pump end & 4 inch diffusion
™ump connected to a cold trap. This system produced pressures as low as

1 x 10~6gm of Hg. With neoprene lip seals installed and tne shaft
rotating at 15,000 rpm, a vacuum of 5 x 105 was held over a period of

cne hour. Viton A and Teflon seals provided the same pressure performance,
but with less wear.

A spring loaded grapLite face seal with the inner race of the bearing as a
sealing face was used for testing ball and roller bearings. The pressure
increased to 50 microns on the first test due to poor lubricatior of the
seal, but a vacuum of 2 times 10-5 was attained on the second test using
an increased supply of 702 fluid as a& lubricant.

BEARING TEST RESULTS AND ANALYSIS

The bearing tes*ing was intended vc provide a basis for comparison of the
plain, ball and roller types of besarings. The conditions included in this
evaluation vere GOO°F temperature and a shaft speed of 15,000 rpa. The
details of the screening tests, the gpperatus and procedures are described
in the Materials Section of this report. A summary of the results of these
tests is included in Table VIII of this report. In addition to obtaining
comparative dry film performance data, this testing provided dmsign criteria
appliceble to the high speed dry film lubricated plair bearing.
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PLATH BEARIKGS

Initial testing was conducted on the plain bearings to previde an
improved basis for dry film selection. The dry films selected in the
screening progrsm were initlally applied tn titanium carbide cermet
K-162B bearings and shafts. Upon completion of these tests, selected
dry films were evaluated as applied to other refractory and superalloy
materials. The best barz material and dry film combinations were then
used in the ball and roller bearing tests.

The plalin bearing tests and results are tabuwiated cn Table I. Plain
bearing wear rates are plotted in Figure 3.

All initial plain bearing testa were conducted at 15,000 rpm and 900°F
initial ambjent air temperature. A 25 pound axial lcad snd & radial
load, which produce & projected bearing area stress of 86 psi, were
applied. Finai plain bearing tests included operation in 5 x 10-5mm Hg
pressure.

The unlubricated bearing tests P-1, P-2 and P-3 failed by seizure. All
failures wvere the result of scoring and seizure on the thrust face of
the test bearing. This type of failure illustrated the significant
effect of clearance on bearing performance. The urlubricated pearings
tested with radiel load only opersted for periods of 50 minutes without
sejzure. Seizure was experienced only when the bearing had insufficient
clearance. It 1s considered that modifications of the thrust fece design
would improve unlubricated piain bearing performance.

Lowest plain bearing friction was obtained with the graphite Ko. 2573
materia. used in test P-ki. ‘The seizure which occurred in this test was
not the result of scoring or galling. Due to the low thermal expunsion
coefficient of the No. 2573 bearing relative to the carbide shaft, the
bearing radial clearance decreased during operation. A circumferential
seizure was evident. The initial graphite No. 2490 bearing scheduled for

test P-5 fractured during press fit installation into the carbide housing.

A new bearing was Tebricated for this test. After one hour and twenty
minutes the test was terminated due to excessive wear. The temperature
increased to over 1800°F in this test.

The best plain bearing performance (17 hours 1 minute) was cbteined in
test P-6. The test specimen was a carbide bearing and shaft which had

a phthalccyanine dry film coating. The details of this coating appli-
cation and procedures are described in the Materials Section of this
report. The bearing temperature in this test increased from an initial
value of 900°F to 120°F in 1l minutes. The temperature fluctuated
between 1200°F and 1300°F for the mejority of test duration. Occasional
temperature fluctuations were notei between 1100°F and 1500°F for periods
of 10 seconds or leas.
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FIGURE 3 PLATN BEARING TESTS - WEAR RATES
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The load strap failed in fatigue after 4 hours and £ minutes of test
operation. During the following down time the test bearing was removed
for examination. All loaded surfaces were highly burnished over
approximately 2/3 of tke surface area. The remaining 1/3 of the area
vas covered with streaks of a light yellow powder. (See Figure 4) An
x-ray diffraction and spectrographic analysis of the powder was made on
campletion of this test. The materlal was mainly a cowbination of

rutile (T0p) and nickel oxide (NiO) in the ratio of two to one. Wear
measurements obtained during this examination indicated wear of .0004 to
.0006 inches on all surfaces. During the restart of this test the friction
coefficient indicated an instantaneous value of 0.5. When maximum speed
vas attalned the coefficient decreased to 0.28. For the remaining 12
hours and 53 minutes of test the friction coefficient gradually decreased
to 0.22., See Figure 5 for a replica of selccted friction recordings
obteined during this test.

A failure in the hydraulic powsr unit caused the test shutdown efter a
total opereting time of 17 hours and 1 minute, The test bearing vas again
removed for examingtion. All load zone surfaces were simllar in appearance
to their condition after the initial 4 hour and 8 minute run. See Figure L
for photograph. Wear measuremeuts obtained after this test indicated the

following:
Bearing radial wear .0060 inch
Shaft radial wear _-0047 inch
Total radiel wear L0107 inech
Bearing thrust face wear .0100 inch
Shaft thrust face wear _.00kO inch
Total thrust wear .0140 inch

Sipce the wear had exceeded the allowable .0l0 inches, the test was
terminated. However, when the wear was calculated in inches per hour,
this test had the lowest wear rate of the plain bearing tests. (Figure 3)

The M-1284 dry film coated carbide bearing was fractured during test P-7.
In this test the temperature increased due to frictionsl hesating from
900°F to 1500°F in 15 seconds. The thermal stresses introduced are con-
sidered to have caused the fracture. A sharp edge on the fracture pro-
duced light score marks on the shaft. No scoring was evident on the
thrust face.
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PHTHALOCYANINE COATED PLAIN
BEARING AFTER 17 HRS.-1 MINUTE
@1200°F-15,000 RPM. NOTE YELLOW
POWDER ON SHAFT END AND

BUSHING BORE.

FIGURE 4 TESTED PLAIN BEARING
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The intense frictional heating at the thrust interface is considered to
be the main csuse of failure in test P-8. The dry film coating, = 4:8:1
ratio of MoSpy, PbS and H 303 failed to maintain the bond to the carbide as
the temperature increassed. “A maximm temperature of 1170°F was recorded
at the time of seizure (2 minutes, 15 seconds).

For test P-9, a .00l dial indicator was located on the : {al load arm

to provide an indication of bearing radial wvear during te.t. A high wear
rate was noted auring the first 5 minutes of test. About .003 inch radial
vear was indicated. For t . remainder of the test the wear rate was
essentially uniform with a total radial wear of .005 inch indicated just
prior to seizure.

The temperature increased from the 900°F start to a 1500°F operational
temperature in six minutes. The temperature then essentially stabillzed
at 1500°F + SO°F for the remainder of the run. During the final 5 minutes
of operation the degree of temperature fluctuation increased to a peak
value of 1620°F. The measured total radial and axial vear after test was
.0056 and .0029 inches respactively.

In test P-10 the bearing and shaft were coated with the NASA developed
calcium fluoride dry film. Excessive friction was indicated during the
test run. Examination of the bearing surfaces after test revealed scarred
and pitted areas. A deleterious chemical reaction may have occurred
between the fluoride and the carbide materials.

Test P-11, 2 KP siljcon carbide plain bearing coated with a phthalo-
cyanine film represented the second most successful plain bearing per-
formance. Tt operated for 2 hours and 23 minutes compared to 17 hours and
one minute for test P-6. The eventual failure of test P-11 bearing is
believed to have been initiated by a crack in the thrust facs. Both the
bore of the bearing and the thrust surfaces showed a smooth burnish and

a thin oxide layer. Wear measurements were impossible due to the nature
of failure.

Tests P-12, P-17 and P-18 were tests of phthalocyanine coated superalloy
bearings (Star J, mickel alloy 500 and nickel alloy X) on titanium carbide
shafts. In each instance a high bearing wear rate was evide.t. These

tests show a direct correlation betveen bearing wear and material hardness.

Accordingly, the high hardness Star J material exhibited the lowest wear
rate and the nickel alloy X the highest. (Figure 3)

In test P-13 a chrome-alumina material, LT-1, was evaluated with a
phthalocyanine film. After 1 hour and 21 minutes of test the bearing
selzed on he shaft. Wear megsurements indicated that the majority of
wear (0.0062 inches) occurred on the test bearing. Only 0.005 inch
shaft wear was measured,
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High frictional heating occurred in test P-14. The temperature rose to
1800°F after a radial wear of .010 inch had occurred on the graphite
bearing material. At the .010 inch wear condition, nickel allcy X thrust
washer contacted the carbide shaft with & resulting higher friction and
tenperature reading. Prior to .0l0 inch wear condition, the temperature
had stabilized at 1060°F.

In test P15 a porous aluminum oxide bearing material (AP-100) was

imp: 2gnated with silver which was coated with graphite. 1In this test,
temperatures in excess of 1800°F and a friction ccefficient of .21 were
indicated. The shaft wear rate, .009 in./hr., was the third highest of
all plain bearings tested. Examination of the shaft and bearing wear
debris after test indicated the possibility of chemicel reaction between
the carbide shaft and the silve: bearing matrix.

In test P-19 a phthalocyanine coated carbide bearing and shaft were tested
in a vacuum of S x 10~ mm Hg. Extensive outgassing was visible within the
test chamber as the pressure approached 1 x 10-3wm Hg. After 3 minutes of
operation a permanent bearing to shaft selzure occurred. Examination of
the bearing after test revealed that the phthalocyanine coating had been
removed from all areas of the bearing and shaft during the outgassing
period in the vacuum. In an attempt to remove the test bearing from the
shaft, the bearing fractured. The welding of the bearing to shaft was
very severe. A carbide section about 3/16 inch diameter by 1/16 inch

deep was pulled away from the shaft during bearing removal.

Due to the ineffectiveness of the phthalocyanine coating in test P 7 under

vacuun conditions, test P-20 was coaducted in air. This testi was . repeat
of the materials used in test P-16. The bearing material was B-1170
aluminum oxide. ‘The shaft was titaniuu carbide cermet. Both were coated
with a phthalocyanine film. In order to evaluate the effect of FPhase II
environment, the bearing temperature prior to start of shaft rotation was
increased from the P-16 temperature of 900°F to 1150°F. This higher
starting temperature resulted in au operating temperature of 1700°F for
this test. This was 260° higier than test P-16. Wear measurements after
test on test P-20 were higher than P-16 for both bearing and shaft.
(Figure 3) This factor substantiates previous iuvestigations which have
indicated the upper temperature limit for the phthalocysnine film at
1500°F,

Tests P-16 and P-19 had the second and third lowest wear rates of the plain

bearings tested. (Figure 3) This is atiributed to the wear resistance of
the B-~117C sluminum oxide bushing.

BALL BEARINGS
Twenty-one ball bearing tests were conducted in the Phase I program. A

deseription of the bearing designs, lubricants and test results are tabu-
lated in Table II. Wear raites are compared in Figure 6.
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The first bearing tested ‘test B-1) was unlubricated. It was tested at
room temperature in air. The bearing operated for 22 minutes at 15,000
rpm. The test wes stopped due to a rapid friction rise ceused by the
master cage ring coming in contact with the inner race. 1In the process
of testing the outer race tempe.ature increased to 1060°F. The balls
were visibly "red hot'.

Upon inspection it was evident that the inserts had worn severely causing
reduced separator control and allowing contact with the inner race. The
erratic friction curve shown in Figure 5 is believed to be the result of
the inserts periodically "grabbing” the balis. The balls however, had

no weasurable wear. Imi.er and outer raceways were in good condition
showing only discoloration of the ball track. This bearing had the second
lowest wear rate of the ball bearings tested. (Figure 6) A photograph of
this test bearing is shown in Figure T.

The second test bearing (test B-2) had M-128k dry film lubricant

on the inserts only. This bearing operated with erratic friction from
the start and ran for 3 minutes. Due to the varying friction level the
bearing was accelerateda slowly and reached only 7000 rpm after three
minutes. Inspectlon showed that two iaserts had locked onto the balls.
All inserts showed wear. Balle aud raceways appeared to be in excellent
condition.

It was concluded thet Increesed taper of the inserts was required to
eliminate "grabbing' tendencies.

Test B-3 was conducted ueing the redesigned lower angle inserts. The
bearing was started with spproximastely two dvrops of phenyl ether fluid
in the bearing. As the temperature increased, the fluid evaporated and
the bearing became unlubricated. The bearing ran a total of 9 mlinutes
30 seconds. Approximately 8-1/2 to 9 minutes of this period the bearing
had some lubrication. While lubricated, the friction increased to .06
and was erratic.

The reason for the failures in tests B-4 and B-5 were not evident until
completion of test B-8. The location of the cuter race fractures in
B-4 and B-5 indicated that a high moment load had been applied to the
bearing. It was considered that the original design of the test spindle
was the canse for the moment loading. During operation, the thermal
expansion of the steel spindie shaft was greater than that of the carbide
stub shaft. As a result, it was believed that the following sequence
occurred: (1) the self-locking taper on the stub shaft became loose,
(2) the stub shaft then misaligned relative to the outer race causing
momert loading in the bearing and resulting failure, (3) the tests were
stoppad and radial load remcved, (U4) thrust load still on the bearing
reseated the stub shaft due to the absence of radial loed, (5) cooling
caused the stub shaft to become locked in position thereby presenting a
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completely normal appeaving assembly upon bearing removal. This auto-
matic reseating of the assembly misrepresented the actusl condition and
prevented immediate recognition of the problem. This condition was
corrected. In all subseqguent tests the stub shaft was anchored to the
steel spindle with & bolt tnrough the shafrt.

It 1s believed that this problem did not occur in the plain bearing testis
due to two factors: (1) higher stub shaft temperatures and heat rates
caused by direct sliding friction, and (2) lower moment load on the stub
shaft due to the reduced radisl load.

In test B-6 a phthalocyanine film was applied to the carbide raceways

end cage inserts. After 33 minutes of operation the bearing friction
increased and became erratic. The test was stopped for bearing inspection.
The examination indicated light wear on the cage insert rings and & light
powder wear debris within the bearing. An air blast applied to the bearing
removed the wear debris and the bearing turned freely. This bearing was
reinstalled for test B-7. After an additional 30 minutes of operation,

the friction again increased and the test was temminated. Examination of
the B-7 bearing revealed the powdered wear debris similar to that obtained
in test B-6.

Two ball bearings were tested under a predominate thrust load (40 1v.
thrust, 37.5 lb. radial) to determine the effect of changing the load.
direction. The first bearing (test B-9) operated with phthalocyanine
coated races, balls and inserts, ran for 2 hours, 51 minutes. The bearing
was smooih running but generated considerable wear debris. Ultimate fail-
ure was caused by fracture of an imsert ring. Ball wear was .0025 inch.

A second bearing, test B-10, coated with lead oxide (except the balls),
operated for only 1 minute. The inserts grabbed the balls and caused high
erratic friction. This grabbing tendency was believed to be caused by
slight unevenness of the lubricant coating on the inserts. These tests
illustrated the design sensitivity of the insert cage. Throughout the
testing it has been extremely importent that uniform ccatings be applied
and that selective assemblies be made for individual ball pockets.

Discussions with Stratos personnel who were conducting & 1200°F bearing
program (AF 33(616)-6589), revealed a somevhat surprising result with a
full complement bearing operating &zt room temperature. It vas reported
that this bearing operated for one hour at approximstely 500,000 DN, It
was agreed by Stratos and this Contractor that continuons lubrication
accounted for the reletive success of this bearing.

A similar full complement bearing was tested in this program. The bearing
from test B-10 was assembled with spacer balls from test B-9 and tested T
under the normal 75 lb. radial-25 lb. thrust load. This bearing (test
B-11), operated at extremely low friction and required 30 to 40% heating ’
unit power to maintain 900°F. Wear was quite rapid for approximately 10 ..
to 15 minutes but increased very little beyond that point. The bearing :
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was stopped after 1 hour for imspection. It was found that wear on the
losd balls snd spacer balls vas .002 to .003 inch each. Radial wear was
.0020 inch on the jnner race and on the 'heavy load" zone of the outer.
Racewvay curvatures had worn to approximately 50.5 to S51% in the wear
track. The heavy initial wear was attributed tc the wide curvature of
the original bearings.

One test (B-12) was run with a full camplement bearing having 10 full size
balls. The races were coated with 811 lubricant. The bearing ran 1 hour,
32 minutes, and exhibited nearly identical performance and wear as test
B-11 above.

The raceways used in Test B-12 were reassembled with new balls for test
B-13. Ia this test the effect of bearing performance with the increased
conformity of the worn raceway was investigated.

A decrease in wear rate over test B-11 was experisnced. (See Figure 6)

Test B-1li was conducted to determine the effect of increasing the ratio
of axial to radial load. An 80 pound axial and an 8 pound radial load
were used. These loads produced the same resultunt load on the bearing
&8 the previous 25 pound axial and 75 pound radial load. As expected,
the radiel wear rate decreased significantly. (Third lowest in Figure 6)
Axial wear was higher than antieipated (in excess of .050 inch) and
erratic friction was evident through the test run. Examination of the
raceways after test revealed raceway conformity which was 50.5 to 51% of
the ball dlameter in the wear track. The high exiel wear and erratic
friction was attributed to the low initial conformity and lack of lubri-
catior.

Due to aensitivity of the insert cage it was decided that & more con-
ventional land riding retainer would be tested. Retainers were made from
Alloy No. 25 with pocket and .land clearances, .005 inch and .010 inch
respectively, determined suitable in the Stratos 1200°F bearing program
(AF 33(616)-6589).

In test B~15 the inmer land riding Alloy No. 25 retalner was evaluated.
The racevay and retainer were coated with M-128% dry f£ilm prior to test.
The bearing operated for 4 hours and 15 minutes. A high axial wear and
a high radial wear rate (.0065 inch/hour) were obtained in this test.
The test was terminated due tc en increasing frequency of high torque
indications. Examipation of the bearing showed inner and outer land
contact of the retainer. Light scoring was evident on the retainer con-
tact zones. Approximately .004 inch %o .006 inch pall pocket wear was
evident 1n the retainer.
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The "conforming" raceways obtained in test B-14 were coated with another
dry £ilm lubricant (811) for evaluation in test B-16. An 80

pound axial and an 8 pound radisl load was applied. This test was run

for 120 minutes. The test produced essentially the same wear rate cobtained
in test B-1l4. (Flgure 6) XNo apparent improvement in performence was
obtained with the increased conformity or with the dry f£ilm lubricant.

Test B-17 was conducted with the land riding alloy 25 M-1284 dry

film lubriceted retalner under the 80 pound axial &nd 8 pound radial load.
This test resulted in the highest wear rate of all ball bearing tests
conducted in Phase I. (Figure 6) This factor may be attributed to the
short test time (6 min.) and the probability of a high initial wear
occurring during the initisl minutes of operationm.

Test B-18 was conducted at 1500°F to obtain preliminary performance data
at the Phase II temperature condition. The bearing was full complement
with .002 inch undersize spacer balls. The spacer balls had been pre-
oxidized and worn undersize in a previocus test. The bearing exhibited
low friction throughout the 60 minutes of test time. After 60 minutes,
the bearing was removed for examination. The lowest wear rate (.0003
inch/hour) of all ball bearings tested was obtained in this test. (Figure
6) The balls and raceways were highly polished and exhibited a glazed
oxide film. This test demonstrated the effectiveness of lubrication by
the oxide film. Oxide film lubrication in this test correlates with the
low wear rate of the carbide plain bearings which operated at the higher
temperatures. The themmal gravimetric anslysis of the carbide (see
Figure 31) indicates the rapid formation of the oxide film only above
1400°F. This factor accounts for the higher wear rate of an identical.
full complement bearing test B-1l4 at the QO0°F test temperature. The
thermal gravimetric analysis also indicates the probasbility of satis-
factory oxide film formation at temperatures above 1500°F. A reproduction
of the frictional torque recording for this test is in Figure 8.

The test B-19 bearing was ldentical tc the low wear rate full complement
bearing evaluated in test B-18. The test conditions were changed to the
900°F temperature and operation in & vacuum. The bearing operated for a
30 minute time period during which & vacuum of 2 x 10~mm of Hg was
cbtained in the test chsmber. After 30 minutes of test time, a gradual
frictlion increase attained & sudden peak value. At this point the test
was teminated. Examination of the bearing showed a circumferential
inner race fracture in the wear track and no significant wear of the race-
ways or balls. Minute surface deterioration of the raceways was evident.
Fracture of the inner race in this test was attributed to the high stresses
produced by thermal expansion of the inner race. Score marking on the
bearing bore and on the shaft indliceted extensive shaft rotation. It was
considered that the frictional heating produced by shaft slippage in the
bore was of sufficient magnitude to cause the subsequent inner race
fracture.
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Pest B-20 was a repeat of the B-19 bearing configuration and test con-
ditions (900°F and vacuum). In crder to prevent shaft rotation in the
bearing bore, the bore was electroless nickel plated to provide a shaf't
it of 0.0002 inch interference. The bearing was operated for 3% minutes.
During the finsl minutes of this test a gradual friction increase was
evident. A variation in vacuum between 5 microns and 4 x 10-Jwm Hg was
obtained throughout the test period. The test was termlinsated at a friction
value belov that vhich produced Inner race fracture in test B-19. Upon
examination after cooling the bearing indicsted relatively low friction
characteristics. After this test, it was determined that the baaring
torque measurement strain gage was in error.

In order to obtain an accurate friction indication, the bearing tested in
test B-20 was reingtalled in the test machine for test B-21. After 25
minutes_of operation in a vacuwm, which ranged between 1 x 10-% to

2 v 10-7 mn Hg, the test was terminated. A gradual friction increase was
evident throughout the test period. Examination of the bearing revealed
no significant wear, but minute surface deterioration im the wear track.
A light bulld up of wear debris in the wear track was evident. The bear-
ing was tight and "sticky" when rotated by hand. A friction-life chart
for this test is shown in Figure 9.

ROLLER BEARINGS

A total of twenty titanium carbide roller bearings were tested during the
Fhase I program. The results are tabulated ir Table III. Wear rates are
compared in PFigure 10.

Three basically different roller bearing configurations were evaluated in
tests R-1 through R-11. The base line configuration is referred to as the
pinned cage. ‘This cage consists of a roller controlled separator with
titanium carbide pins extending .into holes in the roller ends.

The second configuration is a modification of the pinned cage. The out-
side diameter of one ring was machined to provide ten .125 inch deep
slots at a 45* angle to the bearing bore. The intent of this design was
to provide an air flow through the bearing to carry out wear debris. This
ring is shown in Figure 11.

The third roller bearing configuration evaluated was a full complement
roller design. ©See Figure 11.

Test R-1 was conducted at room temperature in air with a 75 pound radial -3
and & 25 pournd thrust load. The test was terminated af'ter 15 seconds of fi '
operation. The friction had increased from less than 0.1 to a value in .
excess of .2. A speed of 6000 rpm was attained. Examination of the bear-

ing after test indicated severe scoring of roller ends and the race thrust .
faces. o
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BALL BEARING AFTER 1500°F
OPERATION IN AIR, TEST B-13

RACEWAYS OF 1500°F BALL
BEARING TEST B-18

SLOTTED CAGE RING FOR ROLLER FULL COMPLEMENT ROLLER )
BEARING TEST R-4 BEARING AFTER TEST R-14

FIGURE 11 TESTED BALL AND ROLLER REARINGS AND COMPONENTS
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A photograph showing a magnification of a scored roller is shown in
Figure 12, Examination of the rollers under magnification indicated that
the radius provided did not smoothly blend with the roller ends. This
radius was considered to be the cause of the scoring and subsequent high
friction values. Prior to assembly of the bearing for test R-2, the
"chamfer" on all roller ends was radiused from .005 to .0lO inches.

Test R-2 was planned for operation at 900°F in air with a 75 pound radial
and a 25 pound axial load. In the initial test setup a heater unit vas
used on one side of the bearing only. With this arrangement the outer
race heating temperature on the heater side reached 1000°F. The opposite
side of the outer race indicated 800°F. Upon initiation of shaft rotation
the test bearing seized after about 2 to 3 seconds of operation.

In examining the bearing after test all rollers were found to be in a
skewed condition. The raceways indicated end loading of the rollers
during the heatiang cycle. The end loading was evident only on the low
temperature side of the bearing. All exposed surfaces of the rollers,
the raceways and cege were coated with a dsrk shiny purple oxide f£ilm.
Tuese surfaces appeared to be in good condition.

The failure in this test was attributed to the axial thermal gradient
across the raceways which caused the roller end loading with subsequent
skewing and seizure. This failure illustrates the sensitivity of the
roller design to axiel thermal gradients.

Because the bearing remained in good condition, it was reinstalled in the
test machine for continuation of test R-2. A new heating unit had been
febricated to provide radiation to both sides of the bearing.

After s gradusl heating period for 1 hour the bearing esttained temp-
eratures of 6T5°F on the front and 625°F on the rear. Inasmuch as
frictional heating was expected to provide a temperature increase,
rotation was initiated. The initial breskaway friction valuz wes 0.15.
The friction then decreased for zbout 30 seconds to .08. After 30 seconds
of operation the friction became erratic with a seizure occurring after a
total time of 2 minutes. A maximmm speed of 8000 rpm was attained. The
final bearing temperature was 9T70°F front and 860°F rear.

Examination of the R-2 test bearing after test revealed an unususl con-
dition. The 0.5% Ti Mo main cage ring was heavily oxidized. The oxi-

dation products had deposited or reacted with all exposed bearing surfaces.

This deposition or reaction is evident on the bearing outer race shown in
Figure 13. The bearing press fit installation in the housing apparently
protected the center section of the ring from the deposition or reaction
products.

The examination of the roller ends and race thrust faces revealed a bright
polished surface. The raceways and rollers appearance indicated that
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FIGURE 12 ROLLER END WEAR MAGNIFIED

FIGURE 13 ROLLER BEARING TEST R-2
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sbout half the width of the race was carrying the load. The load zones

.
vere wnrn rough and pitted. It is considered that the deposition or " I
reacti m products from the 0.5% TiMo cage contributed to the wear and ]
detericration of the raceways and rollers. These products were apparently .

thrown out of the bearing on the thrust faces. In the raceway, however,
the products were retained and were abrasive in nalure.

For subsequent in-air tests, the 0.5% TiMo allcy main rings were coated
with an oxidation protective surface, This surface was a Boeing developed
silicide coating, DiSil-1l, which had demonstrated effective oxidation pro-
tection on Mo alloys at 2000°F for over 40 hours. This coating was intend-
ed to eliminate any influence of the Mo alloy oxidation products on roller
bearing performance.

During the protective coating application the 0.5% Ti-Mo alloy rings were
exposed to a temperature of 1850°F. This high temperature exposure ceused
an out of round distortion of 0.005 to 0.007 inch in the main rings. This
factor eliminated the possibility of using the DiSil-l coating for the cage
main rings.

In teists R-3, R-5, R-7 and R-8 the base line configuration, the pimned
cage, o5 evaluated with different dry films. The lead oxide coated
beartry test R-8 indicated the lowest wear rate in these tests. (Figure
10) £ ignificant varistion in the relative wear of rollers, inner race
and out r race was evident in these tests. One cause for this variation
may be 1e to roller installation misalignment which may be inherent in
the pl.. 2:d cage deslgn. Tnils faclor may also contrlbute to the increased
total vcar evident in all the caged bearing designs.

Tests R 4 and R-6 were conducted to determine the effect of wear debris
removal during tests with the slotted cage. With the exception of the
slotted 2age modificetior, tests R-6 and R-4 were identical to tests R-1
and R-3 respectively. Examination of the bearings and housing after tests
R-I and -6 showed significantly less debris in the bearing and signifi-
cantly mure debris in the housing than In previous tests. The slotted
cage was apparently effective in creating sufficient eir flow *hrough the
bearing to remove wear debris. The beneficial effect of wear Oris
removal vas evident from the increased run time of test R-6 over test R-1.
The removal of wear debris decreased the tendency toward bearing seizure.
In comparison of test R-3 with R-4 (the slotted cage) an increased wear
rate was shown for R-4. This may be due to the lubrication effect of the
debris. A possibility exists, therefore, that the rate of debris removal
i3 an important factor.

The third roller configuration tested (R-11), the full roller complement
bearing, exhibited a lower wear rate than all previous roller tests.
(Figure 10) This may be the result of decreased stress due to the
increased roller complement. A constant bearing friction velue of .018
wvas recorded during this test. The performance of this bearing is signifi-
cant In light of the fact that the bearing was unlubricated.
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Test R-10 was conducted to determine the effect of axial load on roiler
bearing wear. In this test, the minimum axial load (less than 1 pound)
required to retain the bearing on the test shaft was used. The full 75
pound radial load was applied. The wear rate under this condition was

.025 inch per hour. Examination of the bearing after test indicated that
8 significant temperature differential cccurred across the bearing inner
race. It is considered that this factor would have caused roller skewing.
The skewed rollers then may have caused the excessive wear rate. Apparent-
ly the elimination of axial load increased the bearing sensitivity to
roller skewing with the resultant high wear.

In test R-12 a full complement carbide bearing was tested with races
coated with the lead oxide film. After cone minute of operation the
bearing seized. Throughout the one minute run several high torgque peaks
were indicated. Examination of the bearing after test showed the rollers
to be in a skewed condition. Light scoring was evident on the roller ends.

In test R-13 the full roller complement bearing was sgain evaluated with
the lead oxide film costing. In addition to applying lead oxide to the
raceways, all rollers were glso ccated. The bearing test was termipated
due to an excessive wear condition after one hour and 52 minutes.

Test R-9 was originally scheduled tor evaluation as & pinned cage design
with 8 racewsy and roller lubricaat film of calcium fluoride. A chemical
reaction occurred bhetween the caicium fluoride and the titanium cerbide
cermet material. No bond could be obtained between the fluoride and the
carbide materials.

Because of the difficulties encountered with the fluoride film appli-
cation, another bearing was substituted for the R-9 test. The substituted
bearing was the final basic design modification evaluated in the Phase I
roller hearing tests. It consisted of e full roller complement design in
which alternate spacer rollers were fabricated from a lubricant material.
The material selected for the initial lubricant spacer voller was ATJ
graphite. Prior to test the assembled bearing was dipped into a colloidal
suspension of graphite to apply an initial coating of dry film lubricant
to all surfaces. Because the hearing design wes not originelly intended
for a full complement bearing, & very high (0.350 inch) circumferential
clearance resulted. The bearing was operated for a period of 40 minutes.
During the final minute of operation the friction increased to a peak
value of ,045. Examination of the rollers and raceways revealed a light
(.000L inch) build-up of graphite on all surfaces. The lubricating rollers
had decreased in dismeter 0.003 inch. One lubricating roller shouwed
severe end weer. Both ends of thls roller were chemfered about 1/16 x 45°.
It 18 considered that this chamfered condition was ceused by roller skew-
ing as & result of the high circumferentisnl clearance in the bearing.

Wear measurements of the cexbide eurfaces showed that this test resulted
in the lovest wear raie (0.00015 inch/four) of all bearings tested in the
Phase I program. (Figure 10)
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Test R-14 was a repeat of the R-9 teat cited above with the exception

of a change in lubricating spacer roller lepgth. In order to reduce the
spacer roller end wear the length was reduced to 0,001 inch less than

the carbide rollers. This bearing operated for the identical time period
as test R-9. The wear rate and type failure were also identical.

™e decrease in lubricating spacer roller length produced no significant
effect on bearing performence. A frictional torque vs. time chart for
this test is shown in Figure 8.

In test R-15 a silicon cartide-graphite composite was evaluated as a
spacer roller material. The test was terminated due to high friction
after 27 minutes of operation. Agein end chamfering was noted on one
roller. The wear rate (see Figure 10) vas significantly higher with this
composite than with the ATJ graphite material.

In test R-16, 0.005 inch undersize carbide rollers were coated. with a
0.002 inch thickness of 811 dry film. Five of these rollers

vere used as spacer rollers in the test bearing. The test was terminated
after 45 minutes due to an excessive wear rate. Examination after test
revealed that the 0.002 inch thickness of dry film was completely removed
from the spacer roller dianeter.

Test R-17 was a full complement roller bearing with races and rollers
coated with s phthalocyanine film. The caromic acid pretreatment,
described in the "Materials Section” of this report, was used prior to
tilm application. The wear rate for this test {see Flgurs 10) was higher
than the unlubricated full complement bearing test number R-11.

In test R-18, a No. 2480 oxidation resistant graphite muterisl was

used a8 a lubricating spacer roller. The inner race was reduced ir dia-
meter to provide a .002 inch radial play. After 30 minutes of operation,
the test was terminated due to a seizure condition. FExamination showed
that one roller was chamfered on both ends. It had skewed 90* and caused
the seizure condition. Wear rate on this bearing, 0.0008 in 1 hour, was
the second lowest of all roller bhearings tested.

In test R-19, a lubricating spacer roller consisting of a 50% nickel, 50%
molybdenum disulfide hot pressed composite was evaluated. After U4 minutes
of operation, the test was terminated due to seizure. Examination revealed
e cracked outer raceway which was caused by high stress resulting from a
lavge (in excess of .00l inch) build up of nickel on the raceways.

The final Phase I roller bearing test, R-20, was conducted under wvacuum
conditions. ‘The hearing selected was the previously tested low wear rate
ATJ graphite spacer roller design. The inner race was reduced in diameter
to provide a radial play of 0./02 inch. It was recognized that the
effectiveness of graphite lubrication was reduced under vacuum conditions.
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However, it was considered that the effectiveness of graphite lubrication
in this bearing design should be investigated. After -1/2 minutes of
operation under pressures between 2 x 10-% and 2 x 10~ Hg, the bearing
selzed. Subsequent exasmination revealed a 90° skewed roller condition
and lubricating roller chamfer similar to test R-18. A 170 times increase
in wear rate over the in-air test (R-1l) was measured. A coefficient of
friction versus time recording for the test is shown in Figure 9.

DISCUSSION AND AWALYSIS

This sectlon includes a general analysis of the three types of bearings
evelugted in the Phase I program.

Plain Bearings

All plain bearings tested exhibited high wear rates end high friction

when compered to the rolling element besrings. None of the bonded dry
films tested were satisfactory as lubricants under the operating conditions
iavestigated. However the dry film coatings did, to a small degree, pre-
vent initial selzure in this type of bearing. The friction data, in
general, indicates that the dry film Lubricsat coatings exhibited higher
friction during start than during the high speed run. This way be
attributed to the generel decreese in friction coefficient of refractory
materials with increases in temperatures.

The effectiveness of the phthelocyanine film as a lubricant is directly
related to the bearing materigl. This fuctor is very evident from the
comparison of the wear rates in Figure 3. 'The refractory hard materiais
exhiblted low wear rates (less than .002 inch/hour) whereas the relatively S
soft superalloy wear rates were in excess of .020 inch/hour. T

The high temperatures introduced by the slilding friction inherent in the S
plain bearing design creates additionsl operational problems. Localized
heating at the sliding interface introduced high thermal stresses and =
subsequent fracture in the majority of the refractory materials tested:
The high temperatures also necessitate obtaining dry film lubricants IR
vhich are effective over s broader temperature spectrum. o

Ball Bearings =

Three basic configurstions were tested in the ball bearing effort. It was T
demonstrated in each type that bonded dry film lubrication is inedequate
to cope with the conditions imposed. None of the diy lubricants resulted .
in a significant performance increese over the unlubricated bearings. e

The full camplement bearing was the most satisfmetory of the designs ——
tested. The success of this design in the high temperature enviromment g
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1s attributed to the material. The texperstures produced by frictional
heating in a full complement design are of several hundred degrees in
magniiude. Conventional steel bearings are therefore speed limited due
to frictional heating aud the subsequent softening of the material. How-
ever, the full complement bearing made Trom the carbide material was not
adversely influenced by the frictionel heating. This material selection
therefore resulted in a moderately successful full-type bearing. The
origiral selection of wide curvatures was also a contributing factor to
the success of this type bearing. It was apparent from the 1500°F test
that the oxlidation product of the carbide material at this temperature
functions quite adequately as a lubricent. This test exhibited a very
low wear rate and the bearing was definitely capable of further operation
when stopped. The source of this lubricant and hence the performance of
the bearing was impaired in the vacuum enviromment.

Roller Bearings

The investigation of the various methods of roller separation indicated
the moat significent effect on roller bearing performance.

The original design which utilized the pinned cage was the least satis-
factory. All bearings with pinned cages exhibited high wesr rates. This
may have resulted from roller misaligmment in the cage. The design did
eliminate the high speed sliding friction generally associated with con-
ventional designs. The surface speed was reduced from a conventional cage
value of 3100 feet per minmute to less thsn 300 feet per minute. Unlike
conventional high speed, hilgh temperature bearing fallures, no cage faill-
ures were obtained with thie design. The maximum pin wear did not exceed
0.002 inches in any test. 'this cage design may prove to be satisfactory
for high tempersture epplications which bave other than s bonded dry film
lubricaetion system.

The low wear rgtes of the lubricaut spacer roller full camplement design
indicated a high potential for this separator concept. The primary reason
for the success of this councept is believed to be the increased quantity of
dry lubricant available in the beaxring. In comparison to the bcnded film
bearings, the lubricating spacer roller introduced several thousand tiwes
the quantity of dry lubricant.

The failures in this design were typified by the skewed condition of the
lubxricating spacer rolier. It is considered that the primary cause for
these fajilures was the high, 0.350 inch circumferential clearance in the
bearing. A reduction in the circumferential clearance to 0.050 inches
was therefore pleanned for the Phase II design. It was believed that this
modificetion would reduce the roller skewing tendency and provide an
improved balanced design.
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PHASE I CORCLUSIONS

1.

2,

None of the conventionally bonded dry films tested were satisfactory as
lubricants for the bearings under the operating conditions investigated.

Fiain bearings exhibited higher friction coefficients end wear rates than
the ball and roller bearing designs investigated.

The bent plain bearing performance was obtained with a titanium carbide
bearirng and shaft both ~oated with & phthalocyanine film. It operated

within a friction coefficient range of 0.28 to 0.22 and hal a wear rate
of .00l inches per Pour.

Two differert bearing designs, which used unconventional dry film
lubricant techniques, demonstrated the feasibility of operation at
15,000 rpu in 900°F sair.

One feesible design, a full complement titanium carbide cermet roller
bearing which used ADJ graphite as & spacer roller to provide a replenish-

ing supply of lubricant film, had the lowest wear rate (0.00015 inches per
bour).

"he oGher feasible design, a full complement titanium carbide cermet ball
bearing which was lubricated by the oxide film formed on the bearing sur-
faces at elevated temperature, had the lowest friction coefficient

( p=0.002) of all bearirgs tested in Phase I.
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PHASE II BEARING 1ESTS TO 1500°F IN VACUUM

The following contractual requirements were originally specified for the
Phase II program:

1. To develop dry lubrication techniques and conduct research on new dry film
formuletions.

2., To test one hundred bearings at temperatures to 1500°F at 15,000 rmm in air
and vacuum enviromments.

3. 7o expose ten bearings to muclear radiation prior to test.,

After completion or Phase I, the progrem was directed toward accomplishing
the above requirements. A lubricant development program which was initiated at
the beginning of the contract was continued. This lubricant developsent program
was supplemented by & subcontract with the Washington State University. New
designs for ball and roller bearings which used a Jubricunt composite material as
a rolling element separator were completed. Frocurement and testing were initiated.
The design and fabrication of a container for radiation exposure were completed.

In the initial seven bearing tests conducted, failures of the lubricant
canposite materials indicated that ean increased emphasis on lubricant development
in the program would be desirable. As a result, the contract was amended to include
the following supplemental agreement:

"Me Contractor shall febricate and evaluste by means of compressive load
fracture tests lubricant compacts made of 500 different cambinavions of
materials. The best fifty material combinations made into lubricant com-
pacts shall be further evalusted by laboratory wear tests and by use in
the fifty bearings to be tested.......".

Under the amended program the lubricant composite materials were fabricated and
tested., Six additional roller bearing tests were conducted with the new camposite
meterials in a vacuum envirorment. These tests all resulted in early failuree due
in part to excessive iubricant build-up within the bearing. During the same time
pericd an investigation of a graphite separator bearing design was cenducted under
& Boeing Cuzpany sponsored research program. Thves: tests showed e significant im-
provenent in performance for the graphite separator cage over the graphite rolling
element separator design.

Upon completion of the aforementioned tests, the resulits of the program were review-
ed by the Aeronau“ical Systems Division Project Monitor. During this review the
results of the testing completed were analyzed with respect to the continuation of
the contract effort. It appeared desirable to modify the bearing design and to
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incorporate a lubricant camposite material sepearator prior to continustion of

bearing tesiing. The program was therefore redirected to include the following
chenges:

1. Modify all remaining roller bearing rings to incorporate a raceway relief
radius.

2, PFabricate separator rings and pins for both ball and roller bearings.

3. Using best lubricant compacts developed, test bearings to prove the new
design.

The bearing modification and separator component fahrication cited above were
completed. Five additional bearing tests were conducted in the high temperature-
high vacuum environment. These tests indicated the feasibility of the lubricant
camposite separator design for high vacuum operation. Details of the work com-
pleted are included in the following sections of this report:

A. BEARING DESIGN, Page 40O

B. TEST EQUIPMENT, Page U6

C. BEARING TESTING, Page 47

D. RADIATION TESTING, Page 68

E. PHASE IT LURRICANT DEVELOPMENT, 'MATERIALS SECTION", Page 96

A. BEARTNG DESIGN

The design of the bearings used for the Phase II program wes predicmted upon T
the results of the Phase I testing. (Phase I tests are sumcarized in Tsbles o
I, IT & III of this report). The Phase I tests indicated that the rolling i

element besarings were superior to the plain bearing design under the tegt
conditions specified by the contract.

1. ROLLER ERARINIS s

The lovest wear rates in the Phase I program were obtained with a full =
complement roller bearing. It was & double 1ip immer and a single 1lip =
outer race design. The bearing raceways were febricated from s titanium e
carbide cermet, K162-B. The bearing had a roller complement of ten. Five o
load carrying rellers of titauium carbide were separated by five AW e
graphite-lubricant spacer-rollers. The bearing wvas origimnally designed o
for operation with five 3/8-inch diemeter carbide rollers and a reoller- -
controlled separator. When used as a full complement design, the circum- -
ferential clesrance was 0.300 inch. The maximum radial pley was 0.001 inch. o
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In the original Phase IT prograa a series ¢f different lubricant cceuposrites
were plamnad for evaluation &8 apacer-rollers in a similer bPearing design.
The detnil drewing ef the design selected is shewn on Figure l&. In this
deslgn the circumferential clearance was reduced to 0.050 inch by imcoer-
porating a larger dimmetsr roller on the szme pitch circle as the Fhase I
bearing design. The roller size was increased to 0.40625 inch. In erder
to acceonmodate the dry film lubricant build-up on the racevays and loud-
carrying rollers, the radial play was increased to the range 0.0021 to
0.0041 inches.

Under the redirected Fhase II program, the roller bearing design was
modified to provide & raceway relief to permit egress of wear debri. Also
incorporated in this raceway medificatien was sn effective decrease in
thrust face shoulder height. (See Figure 15) These changes wers indicated
as a result of the analysis of the failed bearings tested in the initial
Fhase II program. (This analysis is covered in detail in sectien "C"

of this report).

The major modification of the bearing design under the redirected program
was the incorpsraticn of a lubricant composite material inte a roller
separater. To facilitate manufacture the mumber of rollers was incressed
from the origins). 5 te 6. The assembly and the varicus components of the
separator are showm on Figure 16.

The cage was controlled by permitting the lubricant composite material to
ridge on the inner race. The design clearancs bastwesn the inper race and
the lubricant composite material of the separator was 0.005 inches. The
roller pocket clearance waz 0.010 inch.

RERE 41 PIF

LUBRICANT
COMPOSITE MATERIAL

INCONEL X
CAGE RING

\_,
FIGURE 16 ROLLER BEARING LUBRICANT COMPOSITE SEPARATOR
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3. Material is titemium carbide K}562B.

FIGURE 17 PHASE II BALL BEARING
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2. BALL BEARING

The original bail bearing design follow=sd the concept cited above. It was
an angular contact type with five carblde load-carrying balls and five
Jubricant-composite spacer balls. The racewvay curvatures were maintainea
at 56% to decrease ball-to-race sliding and to permit egress of wear debris.
A detall drawing of this design is shown on Figure 17.

Under the redirected Phase II program the ball bearing design vwas modified
%o lncorporate eix carbide loed-carryiag balls and a lubricant composite
geparator. The separator was controlled by contact of the lubricant com-
posite material on the inner race lands. The design clearances were 0.005
inch between the lubricant composite material and the inner race land and
0.010 inch in the ball pucket. A sketch of this separator concept is showm
on Figure 18.

INCONEL X
RING

IUBRICANT COMPOSITE
MATERIAL

FIGURE 18 BALL BEARING LUBRICANT COMPOSITE SEPARATOR
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TEST EQUIPMERT FOR 1500°F AND 1C~ 'mm Hg

The test equipment used for the Phase I program was modified for the Fhase II
progrem. The following discussion of the design includes changes incorporated
for the Phase II program.

1.

DRIVE AND LOAD SYSTEMS

The drive and load systems used in the Phase I test equipment were not
changed for the Phase II program.

FRICTION MEASUREMENT

T™e friction measuring system was modified to eliminate effects of elevated
temperature and vacuum on the strain gage instrumentation. A ceramic
aduesive was used to bond a new plaiinum alloy strain gage elements to the
strain beams. This system, which was cured at 1000°F, provided an accurate
(within + 1%) friction recording for all tests conducted in the redirected
Phase II program.

HEATING SYSTEM

In Phase I btearing temperatures of 900°F and 1500°F in air were obtained
with a nichrome wire resistance heater locsted on each side of the test
bearing. A single heater was used for plain bearing tests. With two
heating elements, the temperature gradient across the outer race of anti-
friction bearings did not exceed 15°F.

Pantalum wire of the same diameter as the nichrome was used satisfactorily
for Phase II tests in vacuum at 1500°F.

VACUUM SYSTFM

The vacuum system originally consisted of a mechanical pump and a 4-inch
diffusion pump connected to & cold trep. This system would provide
pressures a8 low as 1 x 10-6mmn of Hg. With neoprene lip seals installed
and the shaft rotating at 15,000 rpm, a vacwm of 5 x 10-2 was held over
a period of one hour. Viton A £3d Teflon seals provided the same pressure
performance, but with less geal wear.

During the final Phase I tests, & spring-loaded graphite face seal with the
inner race of the bearing a3 & sealing face was used for testing a ball and
& roller bearing in vecuum. The pressure increased to 50 microns on the
first test due to poer lukrication of the seal, but a vacuum of 2 times
10~ was attainad on the second test using an increased supply of T02
fluid as a luoricant.
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For the Phase II program, & megnetic graphite face seal was ordered and
o instslled on a new test spindle. The nev assembly consisting of a brase
. sleeve adapter, magnetic graphite-face aseal and test spindle performed

! sutisfactorily at 15,000 rpm, 1500°F and a presswe of 2 x 19~ Omm Hg.
Daring the initial Phase II tests, slight leakage ozcurred at the lead-in
wires for the heater elements and the strain bars. An applicetion of red
glyptal to the lead-in wire sealing glands alleviated this problem.
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Prior to conducting tests under the redirected Phase II program, two
modificatiens to the vacuum system were investigated tc determine if o
harder vacuum could be obtained. The initial modification consisted of
providing a low pressure, 1 x 10-3ma Hg, on the side of the shaft seal
opposite the test chamber, This pumping which was accomplished with a
mechanical reughing pmmp did not result in cbtaining a lower pressure.
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I The second modification consisted of providing an increased pumping
capacity. The original pumping system was replaced with a CVC (DK4S5A) :
oil sealed, two stage rotary roughing pump and a CVC (BMCT21) six inch
diffusion pump.

With this increesed pumping capscity a minimum pressure of 7 x 10'6m Hg
P was cbtained with shaft retation at 15,000 rpm. "

C. BEARING TEST RESULTS ARD ANALYSIS

: T™e bearing tests in the eriginal Phase II program were vlanned to determine

i the feasibllity of operation st 15,000 rpm in air and vacuum throughout a -
temperature spectrum froam 250°F to 1500°F. During the final tests in Phase I,
it was determined that operation in a vacuum was significantly more detrimental
10 bearing performance thasn operation in air. For this re2ason the initial
testing in Phese II was planned as screening tests in a vacuum, vy

PNl

Because of the successful performance of the lubricant spacer-roller in the
Phase I program, and because of simplicity in fabrication, the bearing design
selected for initial FPhase II testing was the lubrlcant-composite spacer-roller
bearing. A final comparisen of the roller and ball bearing designs was

planned after the optirum lubricant composite material wes selected in the
roller bearing tests.

. !
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< The initial tests were conducted at 15,000 rpm with & 75~pound radiul and a
25-pound axisl load. The results of these teris are included in Table VI as
tests No. 1 through No. 7. The three preliminary tests conducted in Fhase I
in a vacuum enviromment are also tabulatei.
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The bearing failures in tests No. 1 through Ho. T were attributed to the

q dimensional inetahility with temperatu.e ¢f thke lubricant composite materials. @
g The successive tests, No. 8 through No. 13, were conducted with stabilized T
lubricant composite materiale. Detmlls of the thermal expansion measurements e
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and the stebilizing treatments established for these materials are described 1
in the Phase II Lubricent Development Section of this report. .

In testes No. 8 through No. 13 all bearings were 20 mm bore size KL62B roller
bearings with five K162B load carrying rollers end five lubricant camposite
- spacer rollers. The spacer rollers were designed to be 0,002 inches undersize
, at 1500°F. The results of these tests are also included on Table IV.

! In addition to the high vacuum tests cited sbove, eight tests were conducted -
. in alr. These tests, vwhich were funded by Boeling sponsored research, vere
conducted on a Pope tester to evaluate the lubricant composite spacer rolling
element design under lower speed, load and temperature conditions. Table V
in this section of the report includes the deteils of this investigation.

i Tests No. 14 through No. 18 were conducted under the redirected program. In -
these tests lubricant composite materials were fabricated into a separator ._‘.

design. Three roller and two ball bearing tests were conducted. Table VI is

a tabulation of these test results. e

The results of all tests conducted, an analysis of the bearing failures, and e
comments applicable to each series of tests are described in the following P
- discussion: K,

1

BEARING TESTS - KO. 1 THROUGH NO. T (TABLE IV)

Test 1 - In the first test, lubricant composite No. 18 (80% MeSz + 1.0% FbS +

10% Ni) shown on Table XVI was used as the spacer-rolling element. A caba- -
I strophic failure occurred after 1 minute gnd 30 seconds of operation. Rotstion L
was initiated at 14TO°F. During the test period the shaft accelerated to .
11,000 rpm. At the iime of failure, the tempersture had increased to 1850°F. N
The pressure varied from 1 x i0-3mm Hg to 8 x 10~2mn Hg during the test period. ‘
Starting friction and running friction were 0.062 and 0.04l, respectively. The N
bearing radial play before test was 0.0028 inches. After test the radial play o
had increased to 0.0076 inches. Based upon the 1 minute and 30 seconds of
operation, the wear rate was 0.304 inches per hour.

v
R X
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Examination of the bearing after test revealed that all lubricant rollers had T
dislntegrated. The besring was fllled with powdered molybdenum disulfide. %he S
test chamber interior was coated with some products of the lubricant camposite.
At the maximum temperature and pressure conditions, the vapor pressure of the “—‘
lead sulfide exceeded the ambient pressure in the test chamber and csused the N
lubricant roller disintegration.

A N b

Test 2 - In test number two, the lubricunt roller was composite No. 28
(80% MoS, + 10% graphite + 10% Ri). After 3 minutes and 45 seconds of =
p operation the bearing selzed. The shaft had accelerated to 12,000 rpm. The i
temperature increased from 1%75°F at the start to 1800°F at the time of bearing o=
failure. A minimum pressure of 5 x 10~ e Hg was obtained. Starting friction
| was 0,015. Running friction was not obtained due to & recorder malfunction.
. Prior to testing the radial play was 0.0028 inch.

b9 -




Examination of the bearing after test indicated a build-up of lubricant film
on racevays and rellers. The build-up on the inner race diameter was 0.0039
inch. On the ocuter race diameter the build-up was 0.0017 inch. An average
build-up of 0.0009 inch was indicated on the carbide rollexrs. This combined
build-up on all surfaces caused an internsal interference of 0,0037 inches.
™is factor was considered to be the cause for bearing failure.

Test 3 through Test 6 - In each of these tests, the bearing froze at the 1500°F
test temperature before rotation began. On lowering the temperature from
1500°F, rotation of each bearing was possible. The spacer-roller diameters
ranged from 0.4000 to 0.4050 inch. The temperature at which rotation was
possible was found to be directly related to the spacer-roller diameter. Seiz-
ure for the bearing with 0.1_4050 inch dismeter spacer-rollers occurred at 650°F.
The bearing with .4000 inch diameter spacer-rollers selzed at 1300°F.

Test 7 - In this test, lubricant composite No. 43 was used as the spacer-
rolling element. In order to investigate operation at temperatures below
1500°F, rotation was initiated at TO®F. The temperature was increased st the
rate of 110°F per minute. After S minutes and 42 seconds of operution a high
friction was indicated. The temperature had reached TOO®F. Examination of the
bearing after test revealed a complete disintegration of the lubricant com-
posite spacer-rollers.

Comments Applicable to Tests Ro. 1 Through No. 7

Due to the lack of thermal expansion data for molybdenum disulfide, the initiel
spacer-roller design had been predicated upon ihe expansion of the binder
materiel in the compact. However, the expansion coefflcient of the spacer-
roller material greatly exceeded that of the carbide beering material. The
coefficient of linear thermal expansion of the spacer-roller material was cal-
culated from the relationship between the spacer-roller diameter and the
seizure temperature. The average value of this coefficient for the 90% lubri-
cant and 10% binder msterial is 18.2 x 106 {n/in/°F. Using this value, the
maximun spacer-roller dismeter to prevent seizure at 1500°F was celculated to
be 0.396 inches. It is recognized that varying either the lubricant and binder
materials or their ratios would affect the expansion coefficient.

The high thermal expansion of the spacer-rollers contributed significantly to
the bearing seizure. Adjustments in roller dismeter to compensate for high
thermal expansion was expecied to prevent recurrence of seizure in future
bearing tests.

BEARING TESTS RO. 8 THROUGH NO. 13 (TABLE IV)

Test 8 - Testing of this bearing was initiated at 1500°F in a vacuum of 2.5 x
10~ 2mm Hg. After 32 seconds of operation the test was terminated due tc
excessive friction. A maximum speed of 8000 rpm was attained. The vacuum
level in the chamber had decreased to a value of 1.0 x 103 mm Hg. Examination
of the bearing components after the test indicated the following:
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Outer Race - A bright oxide film wes apparent on all surfaces. The
bore diameter decreased 0.0009 inch due to lubricant build-up. A
highly burnished raceway and thrust face surface was evident.

Inner Race - The oxide film was evident on all surfaces. The racewsy
was highly burnished but with no measurasble lubricany build-up. the
thrust face showed a significant evidence of scoring as a result of
thrust loading. Galling in the bere indicated evidence of rotation on
the shaft.

TiC Rollers - The carbide rollers were oxidized and showed evidence of
lubricant build-up on the dismeter. The average diameter inc:rease was
0.00033 inch. The roller ends in contact with the outer race thrust
face were highly polished. The opposite roller ends in cortact with
the inner race thrust face showed significant scoring un each roller.

Iabricant-Composites - The composite rolliers were highly burnished on
their diameters. The roller ends in contact with the outer race thrust
face were highly polished. The roller ends in contact with the inmner
race thrust face were lightly scored. The lubricant-composite roller
dismeter shoved an aversge increase of 0.00040 inch after test.

Raaial Play - Prior to test, the radiel play was 0.00225 inch. Aftcr
test the radial play had decreased to 0.00069 inch.

Tect 8 ~ Probable Failure Cause: The high friction indication was judged to be
due to the carbide roller end inner race thrust face scoring. The cause for
this scoring condition has bzen investigated. The fact that the outer race
thrust face was highly burnished indlcates adeqguate outer race thrust face
lubrication frem the lubricant-compocite. Due to the difference in curvature,
the stress of the roller on the outer race is less than the stress on the imner
race. The outer race thrust face roller stress is 580 psi compared to 660 psi
for the inner race thrust face roller stress. It was consldered that this
difference in strese was not sufficient to have caused the significant scoring
on the jinner race thrust face while the outer race was in perfect condition.
One possible sequence of events leading to failure is as follows: (1) high
friction on the inner race thruet face caused lacreased slippage end rotation
of the inner ring on the shaft. (2) The frictional heating due to rotation in
the bore resulted in expansion of the inner race with a subsequent loss ot
clearance with the resulting high friction.

The examination of the rollers indicated & large contact area with the inner
race thrust face and a relatively smell contact area with the outer race thrust
face. A close examlination of the outer race revealed an cutward taper on the
thrust face, The effective thrust shoulder height was found to be approximately
0.020 inches. The effective shoulder height specified on the drawing for the
outer race was 0.064 inches. This decrease in thrust shouldar height has two
significant effects: (1) The stress level increased from 580 psi to about

3000 psi. (2) The sliding velocity between the roller und the thrust face was
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reduced by a factor of sahcut 3. As the thrust shoulder height decreases, the
sliding velocity also decreases. From this test it is apparent that with dry
£ilm lubrication, the higher operating stress at a low surface veloclity is
preferable t5 the low operating strees and higher surface velocity.

.—1 .l .0 I. ‘l 'l _.l'l ."".
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Another potential problem that was evident in this test is the decrease in
redial clearance due to lubricant build-up on the raceway and rollers. If
operation had extended over a longer time period, the bearing would have pro-
bably railed due to the reduction in internal clearance.

Test 9 - The bearing for this test was scheduled for operation in vacuum at
1500°F. Te bearing was installed in the test fixture and a vacuum of 2 x
10~Smm Hg was attained. When the tempersture reached 1500°F, an initial
indication of bearing friction vas obtained by hand rotation of the test
spindle. On the first partial shaft rotation, a high friction regding was
evidenced. After several additional hand spins, the bearing seized. Mo
attempt at powered operation was mede.
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Test 9 - Probable Cause of Failure: Upon removal from the test chamber, the
ceuse for high friction was evident. Three of the lubricant-composite rollers
had fractured radially in planes perpendicular to the central axis of the N
rollers. One had fractured into 7 separate discs. Two were intact. The -
records indicate that the composites were fabricated from three separate slugs
(Mo's. 353, 377 and 378). In reviewing the hot pressing data, an unusual event
was noted during the hot pressing of slug number 378. During this hot pressing
operation, a burnout of the furnace occurred at 610°F. 'The vie was allowed t»
cool and was subsequently hot pressed after & new heating zlement was installed.
Mis initiel preheasting may have altersd the phaysical properties of the malerial
to the extent that failure resulted during the high temperature-high vescuum
exposure.
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Prior to fabrication, the sluge were heat-treated by exposure to 1800°F for

4 hours in an argon atmosphere. This factor indicates that the high tempera-
ture in itsell was not detrimental to the composite material but thst the com-
bined effects of high vacuum and high temperature caused the fallure.
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Test 10 - Tis test was initlated at 1400°F in a vacuum of 1 x 10~Ywm Hg.
During initiation of rotation, a partiel loss of vacuum occurred in the test
chamber. The duration of the low vacuum period was approximately two seconds.
‘The initial friction reading was 0.025. In order to avoid any detirimental
effects from rapid acreleration, the sApeed was gradually increased. After the
48 seconds of operation, and at 4000 rym, the friction had incressed excessive-
ly. The test was terminated.
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Th: examination of the bearing after test indicated the following:

Outer Race: No lubricant build-up was evident on the outer race. In the
non-contact areas an oxide film was evident. The measursd radial wear was
0.00065 inches. Very light scoring was indicated on the thrusi face.
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Inner Race - No wear could be measured on the inner race. A visible very
thia film of lubricant was in evidence. However, it was not of sufficient
tbhickness to lndicate a dimensional change. Light scoring was in evideace
on the inner race thrust face.

TiC Rollers - The carbide rollers were coated with a dry shiny oxide filim.
The average roller wear was 0,.00071 inches. Scoring was in evidence on
both roller ends. The entire contact zone with the inner race was scored.
The outer 25% of the theoretical contact area with the outer race showed
evidence of scoring.

Iubricant-Composites - The lubricant-composites were in excellent conditien.
All contact surfaces were covered with a dark shiny film. The average
composite wear was 0.00058 inches.

Radisl Play - Before test the radial play was 0.0015 inchee  After test the
radisl play had increased to 0.00357 iuches.

Test 10 - Probable Cause¢ of Fallure: The high friction which was the cause for
bearing failure was probebly directly due to the scoring of the ends of the
rollers. This scoring as well as the high wear of the rollers and outer race
is indicative of ineffective lubrication by the lubricant-composite rollers
under the high vacuum-high temperature enviromnments.

Test 11 - This test was conducted after tests 8, 3, 10, 12 aud 13 had been
completed. These tests had indicated that the thrurt load may have contri-
buted to an early fallure in this design. Aleo, in these tests the self-
induced temperstures were exceeding the tempersture at which the lubricant-
composites had been stabilized. For these reasons, Test 1l was conducted
under lighter loads and at room tempcrature in a vacuum. The test was initiat-
ed in @ vacuum of 5 x 10-~6am Hg. The thrusc¢ load was reduced to 2 pounds.
During the initial 30 seconds of operation, a frictiom coefficient of Q.02 was
measured. After the initial 30 seconds, the frictior indicetion increased
rapidly. Upon completion of 1 minute and 30 seconds of operation the test was
terminated due tc the excessive friction (approximately 0.10). The maximum
speed was 8000 rpm.

Examination of the bearliug cumnponents after test indicated the following:
Outer Race - A light camting of lubricant fiim was evident in the raceway.
Tue measured bulld-up was 0.00005 inches. The thrust face was highly
polished with a mirror-like film of lubricant.

Inner Race - A light lubricant film was evident op the racewsy and thrust

face. The racevay build-up vas measured as 0.00025 inches. %The thrust
face shovwed evidence of very slight scoring.
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TiC Rollers - The carbide rollers were coated with a lubricant film
0.00068 inches thick. The roller end in contect with the outer race
showed virtually no evidence of contact. The contact area was limited
t0 a clircumferential zone about 0.005 inches in width on the ocutside
diameter. The roller end loaded by the inner rsce showed a full contact
arean vith very light scoring in evidence.

Iabricant-Composites: The composite rollers had a glazed burnished

appearance. One roller was broken in two pieces. It had a circuc®s~:ntial

fracture about 0.150 inches from the roller end which was loaded by t:e
inper race thrust face. All other rollers were intact. The roller eds
loaded by the outer race vere slightly chipped. The ends loaded by the
inner race were glazed and burnished.

Radial Play - Before test the radial play was 0.0033 inches. After test
the redial play had decressed to 0.00165 inches.

Test 11 - Probable Failure Cause: The fractured lubricant-camposite was the

probable final cause for excessive friction. The initial friction iacrease and

camposite fracture mey have been due to the debris from the chipping of the
lubricant-composite roller ends. This chipping probavly resulted from the
lubricant build-up in the thrust face to raceway corner. If the rate of lubri-
cant build-up is linear, the bearing would have probably failed after 3 minutes
of operation due to lubricant build-up.

Test 12 - Test 12 was initiated at 1500°F in & vacuum of 1.5 x 10"Jmm Hg. 4n
exceesive friction indication resulted in test texmination after T2 seconds.
The maximum temperature indicating capability of the recorder (1800°F) was
reached after sbout 60 seconds of the test. The maximum speed was approxi-
mately 10,000 rpm. Upon examination of the bearing after test, three signifi-
cant changes were evident: (1) The imner race was fractured circumferentially
near the thrust face edge. (2) The ends of the lubricaut-composite rollers in
contact with the inner race were all badly chipped and broken, and (3) All
rollers and races were costed with a mirror-like layer of lubricants. Photo-~
graphs shoving TX and 10X msgnification of the failed bearing components sre
shown on Figures L4, 5, 6 and 7.

The detailed exemination indicated the following:
Outer Race - The duter race lubricant coating resulted in a diameter

decresse of 0,0008 inches. The thrust face was highly burnished with no
evidence of scoring.

Inner Race - The inner race Gismeter iacreased 0.0006 inches as a result
of lubricant build-up. The thrust face lubricant build-vp was evident on
the surfece nearest the minor diameter. The outer half of the thrust face
did not have a lubricant coating; very light scoring was evident on this

surface. Light scoring in the bnre was evidence of rotation between the
bore and shaft.
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T1C Rollers - All carbide rollers showed evidence of s heavy build-up of

the mirror-like jubricant coating. The average roller diameter increase

I vas 0.00152 inches. All carbide roller ends in contact with the outer —

: race showed no evidence of scoring but were highly burnished over 25% of ) =
the theoretical contect area. The rcller ends which contacted the inner
race showed evidence of scoring over the eatire contact surface.

LI R I L

lubricant-Coxposites - All lubricant-composites were highly burnished on

i their dismeters and on the end in contact with the outer race. The ends
in contact with the inner race thrust face were all badly chipped and
scored. The lubricant-composites indicated an average diasmeter increase L
of 0.00062 inches. This growth may be atiributed to the fact that the
pre-test heat treatment for dimensional stability was conducted at 1800°F
and that, in test, a temperature in excess of 1800°F was attained.
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I Radial Play - The radial play before test was 0.0018 inches. Due to the "4
: lubricant build-up, no radial play wes indiceted after test. The bulld-up
resulted in an internal intexrference of 0.00264 inches.

Test 12 - Probable Feilure Cause: The failure in this test may be attributed
to the loss of internal clearance due to lubricant build-up and/or the deterio- ;
! ration of the lubricant-composite in contact with the inner race. q

Fest 13 - This test was initiated at 1500°F in s vacuum of 3 x 10" Smm HR.
After 51 seconds of operation the test was teminated due to excessive friction. e
A maximum speed of TOOO rpm wes attained. Examination of the bearing camponents
after test indicated the following:

Outer Race - The outer race was coated with a dark shiny lubricant film on

: ell contact surfaces. This build-up was measured to be 0.0001 inches. The Lﬁ}
" thrust face was in good condition. Due to the high internal stresces e
~ caused by the lubricent build-up, two small sections (0.060 inches wide) Oy
were broken from the ocutside edge of the raceway on disassembly of the e
bearing after test. s

TOLHER .
Y

Inner Race - The raceway was coated with the dark shiny lubricant film.
Tae thrust face was very lightly scored. Score marks indicative of shaft
rotation were evident in the bore. The lubricant film build-up increased
the racewsy diameter by 0.00035 inches.

4 Ti.C Rollers - All roller diamsters were coated with the dark, shiny -4
- lubricant f£ilm. The average roller dismeter irecrease was 0.0013 inches. ’
: The roller ends in contact with the cuter race showed evidence of light
scoring. The roller ends in contact with the inner race showed evidence
of heavier scoring. All roller ends were ahipped on an average of 0.125 :
inch on the circumference. o
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Lubricant-Composites: The lubriceant-composites dianeters were all coated
with the dark shiny lubricant film. An average diasmeter increase of 0.0003
inches was measured. The ends in contact with the outer race were chipped
around approximately 15% of the circumference. One composite was fractured
across the end to the mid-point of the roller. Another had fractured
approximately over 25% of the end surface.

E ] ¥

’

Radial Play: The radisl play before test was 0.00194 inches. No radial
play existed after test due to the lubricant build-up. The measuremente
indicated a 0.0010 inch internal interference after test.

Voo

Fest 13 - Probable Failure Cause: In this test the lubricant build-up with the
subsequent loss of internal clearance is considered to be the primary cause of
failure. The scoring of the lubricant-composite's ends and debris resulting

from their end chipping may also have contributed to the bearing faillure. .
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After testing, each bearing component was dimensionally checked and visually
ereminated under 20X and 80X magnification. Photographs of the failed bearings
ere shown in Figures 19, 20 and 21.

Fone of the bearings in tests No. 8 through No. 13 exhibited satisfactory
performance under high vacuum conditicns.

None of the lubricant-composites tested in vacuum provided lubrication com-
pareble to previous graphite spacer roller tests in air.

Labricaent bulld-up on the raceways and rollers was one of the centributing
causes for excessive bearing friction and feilure,

Roller end snd inner race thrust face scoring were other important causes for
excessive friction and failure.

l...‘ O
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Roller end chipping may be due to high local stresses caused by lubricant
build-up in the thrust shoulder to raceway corners.

With the marginal lubrication cspability of the composites test~d, the reduced
thrust shoulder height, apparent on the outer races, significantly reduced
roller end scoring.

BEARTNG TESTS IN ATR (TABLE V)

The bearing tests conducted in air have illustrated same of the deficiencies
vhich result from the spmoer rolling elemeant bearing design. Ball bearing
tests 1, 2 and 3 resulted in excessive wear of the lubricating spacer balls.
This vear vas not & uniform diameter reduction but resulted in a grooved wear
zone around the diameter in contact with the steel load carrying balls.

Fest 4, which had a full complement of Teflon balls, resulted in a general

diameter reduction rather than the grooved wear which resulted from the pre-
vious tests. The high spacer bsll wear in tests 1 through 3 was attributed,

29
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in part, to the high stress assoclated with point contact between the spacer
and load carrying balls. The low strength of the graphite and the Teflon aleo
contributed to the high wear.

In test 5, the higher strength "Rulon" (reinforced Teflon) was fabricated into
spacer rollers which also would provide the lower stress line contact con-
dition. 1In all runs in Test 5, the test was terminated due to the significant
igcrease in bearing nolse level. Examination of the bearing after each run
indicated a Teflon film build-up on all surfaces. No measurable wear resulted
on either the inner or outer raceway after completion of the total 4,056,000
revolutions. The average carbide roller wear after test was 0.00015 inches.
The Rulon spacers average wear was 0.009 inches. All contact surfaces of the
bearing were highly polished coated with the Teflon film.

In tests 6, 7 and 8 two of the lubricant-composites (No's. 203 and 220) which
had been used in the high vacuum bearing tests previously discussed, were
evaluated.

In Test 6, the lubricant-composites were used as load carrying rollers. After
the short run, 27,000 revolutions, sufficieat Jlubricant build-up and debris

had occcurred on the raceweys to cause the high noise level and test termination.
The raceways used in Test 6 were cleaned and reinstalled in the test machine
with five carbide load carrying rollers and the No. 203 lubricant-composite as
space> roliers for Test T.

Test 7 showed an improvement (162,000 revolutions) over Test 6, but again the
lubricant build-up and debris formation resulted in a high ncise level with
test termination. The raceways were ageain cleaned and reinstalled in the test
machine for Test 8.

In Test 8, only two No. 203 lubricant-composites were used with eight load
carrying carbide rollers. The performance of this bearing (304,000 revolutions)
was significantly better than Tests 6 and 7. Examination of the bearing races
after test showed no evidence of lubricant bulld-up. Light scoring was evident
on the inner race thrust face and the contacting roller ends.

Comments Applicakle to Bearing Tests in Alr:

The tests in ajr indicate the feasibility of the roller bearing design for
operation at temperatures to SO0°F with a Teflon lubricating composition.

None of the lubricant-composites tested in vacuum provided lubrication com-
parable to the Teflon spacer roller test in air.

The in-air tests with two lubricant-composites provided superior performance
to the tests with 5 spacer composites.

The grooved wear zones which occurred on the lubricating spacer balls indicate
limitations of the lubricant-composite spacer rolling element separator in the
ball bearing design.
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BEARING TESTS NO. 14 THROUGH NO. 18 (TABLE VI)

Test 1k - This test was planned as s load and speed spectrum eveluation of the
lubricant composite separator design for the roller bearing. Testing was
initiated with a 37-1/2 pound radial load, a 12-1/2 pound thrust load, and
5000 rpm st 1500°F in a vacuum of 5 x lO'émm Hz. The test was terminated due
to a high friction indication after 6 minutes of operation. Figure 22 is a
photograph of this bearing after test.

Separator design - As shown in Figure 22 the configuration of the lubricant
composite material used in this separator differs from the configuretion shown
on Figure 16. In this design the lubricant composite material (No. 99 on
Table XVI) was machined to provide a conforming area contact with the rollers.
The flange thickness on the composite materigl was 0.060 inch. In this
sepurator design, as well as in all others tested, Inconel X cage rings with
connecting Rene' L1 pins were used as the main supporting structure (see
Figures No. 16 & 18). The pins, which were designed for a rivet attachment,
were electron beam welded to the rings to facllitate fabrication.

The radial play before test was 0.0015 inch.

Slight rotation of the inmner race on the test shaft while under vacuum con-
ditions resulted in a seizure between the shaft and bearing bore. As a result
the thrust face of the inner race was fractured on removal from the shaft.
Examingtion of the bearing after test showed a lubricant build-up on the inner
and outer races and on the roillers. The radial play had been reduced to zero.
The flanges of the lubricant composite materisls haed frectured. Corrners of the
fianges on the other Jukricant composite materials were chipped. No wear or
scoring was evident on the rollers or racewsys.

Test 14 - Probsble Failure Cause: The high friction indication was attributed
to the reduction in bearing internal clearance due to lubricant build-up on
the raceways and rollers.

Test 15 - This roller besring test was planned for operation under test con- o
ditions identical to Test 14. The bearing seized when rotation wes attempted e
at 1500°F. Upon lowering the temperature tc¢ 1000°F rotation of the bearing ey
was possible, Ten seconds after rotation wes initiated at 1000°F the bearing
seized. Figure 23 is a photograph of this bearing after test.

Separator Design - In an attempt to reduce the gmount of lubricant build-up R
obtained in Test 1k the configuration of the lubricant composite material was o
modified. As shown in Figures 22 & 23 the area roller contact of the Test 14

separator was reduced to line contact in the Test 15 separator. This was

accomplished by machining the ends of the lubricant composite material tc pro-

vide a plane surface colncident with a redial plane through the bearing. Be- o
cause of the brittle material charscteristics (No. 425 on Teble XVI) the -9
flanges of the lubricant composites were broken during fabrication,

The radial play before test was 0.0017 inch.
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BEARING NO. 15 o

FIGURE 22 ROLLER BEARING NOS. 14 AND 15 AFTER TEST
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Test 15 - Prcbable Failure Cause: Exsmination of the bearing after test re-

vealed that the lubricant composite blocke hsd pivoted on the separator pins
and janmed the s1ljacent rollers.

Test 16 ~ This test was planned as a combived load, speed and temperature
spectrum evaluation of the roller bearing lubricant ccamposite separstor design.

Changes 1nr operating conditions were planned in successive step increments of
30 minutes.

In step one, testing was initiated with e 37-1/2 pound radia)l and a 12-1/2
pound thrust load at 5000 rpm. The bearing temperature was increased to 250°F
prior to initiation of rotation. After operation for 30 minutes under these
conditions the bearing temperature had increased to 295°F. The sverage running
friction during this teet was not obtained because of a sitrain gage failure.

A vacuum of 1 x 10~%mm Hg was atteined during this run.

In the second step the speed was increased to 10,000 rpm. During the 30 minute
run at this speed the tempersture increased from 295°F to 310°F. A vacuum
level of 5 x 10-6mm Hg was attalned during this period.

In the thirda step the speed was increased to 15,000 rpm. After 25 minutes of
operation at this sveed a high friction was indicated. During the run the
temperature increased from 310°F to 340°F., The vacuum attained during this

run was 1 x 10-kmm Hg. A photograph of this bearing before final gssembly is
shown in Figure 23.

FIGURE 23 ROLLER BEARING NO. 16 BEFORE TEST
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Separator Design - The design of the separstor used in this test is shown on
Figure 16. Because of the lubricant composite flange failures obtained in
T:st 14 and the apparent requirement for tlanges to prevent the lubricant
composite block from pivoting as indicated in Test 15, the design was modified
for this separator. The flange was strengthened by increasing the thickness
Trom 0,060 inch to 0.080 inch. The inner race contact distance was increased
over tne Test 15 separator to rovide greater resistance to lubricant composite
block plvoting. 'The lubricant composite materisl used for this separator was
No. 144 on Table XVI.

Examination of the bearing after test showed the bearing to be in excellent
condition. A thin (less then .000l inch) film of highly polished dry lubricant
wes evident on all bearing surfaces. No measuresble wear or change in radial
play was evident., A flange on one lubricant camposite separator block had
fractured., This block had pivoted and jammed against adjecent rollers. Slight
chipping of the lubricant composite blocks edges which were in contact with the
inner rece was evident.

Test 16 - Probable Failure Camse: Fracture of the lubricant composite flange
and subsequent pivoting caused the high friction indiecation.

Test 17 - In this test a loasd, speed and temperature eveluation of thne lubri-
cant composite seperator design for the ball bearing wes planned. The sequence
of operation as outlined for the roller bearing in Test 16 was followed. The
bearing radial pley before test was 0.CQ10 inch.

In step one testing was initiated with a 37-1/2 pound radial and & 12-1/2

pound thrust losd abt 5000 rpm. Prior %o rotaticn the test temperature was

250°F, After 30 minutes of operation the bearing temperature was 300°F, The

average friction coefficlent and the vacuum sttained during this run were ,
0.005 and 1 x 10~dmm Hg, respectively. .

In step two the speed was incressed to 10,000 rpm. During this 30 mioute run
the tempersture increased from 300°F to 4OO®F. The gverage running friction
wes 0,005. The vacuum level attained was 1 x 10-Jmm Hg.

In the third step the speed wus increased to 15,000 rpm. Average:friction .
during this 30 minute run was 0.0l3. The vacuum level attained was 2 x 10l »
Hg. During this period the temperature increased from 310°F to 650°F. y

In step four the load was increased from 37-1/2 pounds radial end 12-1/2 pounds
thrust to 79 pounds radial and 25 pounds thrust. The speed was maintained at
15,000 rpm. The average friction coefficient during this 30 minute run was
2015, The temperature increassed from 200°F to 560°F.

In step five the speed and load were maintained at 15,000 rpm and at TS5 pounds
radial and 25 pounds thrust. At the beginning of the run the temperature was
560°F. Full heater power was applied to increase the bearing temperature.

Only e slight temperature increase was noted. After 15 minutes of operation in
this step the erragtic friction values were indicated. The test was terminated
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after 20 minutes of operation in step 5 due to &n excessive friction indi-
cation. The bearing had campleted a total of 2 hours axd 29 minutes of oper- .
I ation under vacuum conditions. -

Separator Design - The separator design used for this bearing is shown on e
Figure 18. ‘The lubriceat composite msteriel was No. 39 on Table XVI.

The redial play before test was 0.0011 inch.
Examination of the bearing housing after test revealed thet the heater element

", wire had been in contact with the test chaft. Thic had resulted in the erratic
. and high friction indication.

K Examingtion of the bearing showed it to be in excellernt condition. Balls and '-‘:fj
I races were highly polished and appeared to be coated with a thin £ilm of dry 1‘.
lubricant. No measureagble dimensional change was evident on ejther balls or

races. The cage pockets were highly burnished hut showed no apprecisble wear.
The corners on one lubricant composite separator flange were chipped. The
bearing was still in operable condition. The time remalining in the program
did not permit additional testing of this bearing.

! Test 18 - This test was plaoned to evelaute another bell bearing design with a
different material in the lubricant composite separator. A test sequence
identical to that used in Test 17 wes planned. The bearing radial play before
test was 0.0011 inch.

K .
R YN P

In step one operation was &t S000 rpm, with a 37-1/2 pound radial and a 12-1/2 R
pound thrust losd. The temperature increased from TO°F at the beginning of L8
test to 865°F after 30 minutes. 'The vacuum level attained in this period was
1 x 10~mm Hg. Friction measurements could not be obteined due to a strain .
gage malfunction.

5 In the second step the speed was lncressed to 10,000 rpm and the step one load
i was maintained., After 5 minutes of operation the bearing seized. The bearing
temperature had increased from 865°F to 126C°F.

Examinatioa of the bearing after test showed that all lubricant composite
separgtor blocks had fractured through their center section. All vold areas
within the bearing were filled with pulverized lubricant composi.e material.

Test 18 - Probable Fallure Cause: The disintegration of the lubricant com-
posite material was the cause of bearing selzure. The reason for the lubricant
camposite material disintegration was not determined.
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RADIATION TESTING

The following contractusl requirement was originelly specified for the
Phase II program:

"Pen bearings shall be subjected to an integrated nuclear flux of 107 fast
neutrons. --- While being subjected to irradiation, the bearings will be at
1500°F temperature. After subjecting the bearings to radiation, the bearings
shall be dynamically tested---."

In order to fulfill the above requirement a subcontract was let for use of the
nuclear reactor facility at Washington State University.

An irrediation contalner was fabricuted to contain and heat the test bearings
during exposure to nuclear radistion. Figur2 24 shows the internsl construct-
ion and materials used for the container. The container components and the
assembly are shown in Figure 25. The materials used for the container were
selected on the bases of chemical compatibility, themmal stability, minimum
thermal neutron cross-section, availability, and minimum cost.

A simulated enviromment test was cchducted to check out the radiation contain-
er. A test besring instrumented with thermocouples was placed inside the
chamber and the container 1id and heater were installed. The eatire assembly
was then submerged under four feet of water to simule.e conditions in the
reactor. The test bearing wes heated to 1500°F for ten hours. During this
time, the bearing's inner race temperature stabilized at 1550°F and the outer
race at 1450"F. Throughout the test, air was circulated through the container
at approximately 100 cu. ft/hr. Immedistely after testing, the exterior
temperature of the contalner was less than 150*°F. Inspection of the disassem-
bled container showed no defects. Upon completion of the simuleted test the

radiation container was considered to be satisfactory for use in the nuclear
reactor test.

Included in the redirected contract effort was the cancellation of the nuclear
radiation exposure. As a result no bearing testing after exposure to radi-
ation was possible.
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PHASE II CONCLUSIONS

1.

‘e Phase I bearing designs which demonstrated feasibility of cperation in
900°F gir were unsatisfactory when operated in the vacuum enviromment.

The lubricant composite materials did not perform satisfactorily when used
as spacer rollers under vacuum conditions.

A nev and unique bearing design concept which utilized a lubricant com-
posite material as the cage resulted In guccessful vacuum operation for
both ball and roller bearings.

The feasibility of the lubricant composite cage design for high speed
operation with dry lubricant films in the vacuum range of 10- Hg to
10~6mm Hg was demonstrated in FPhase II roller bearing test 16 and ball
bearing test 17. No wear, scoring or pitting was evident in either the
roller or ball bearing after test.

The best vacuum performance, 2 hours and 20 minutes of operation at speeds
of 5000, 10,000 and 15,000 rpm, was obtained in the ball bearing separator
design using the dry lubricant composite material No. 99 which was 90% by

weight molybdenum disulfide, 8% iron and 2% platinum.

The configuration of the lubricant composite material in the separator was
the most critical factor insofar as success or fallure of the roller bear-
ing design was concerned.

Substantial juprovements in bearing vacuum yerformance were obtained by

refinements in cage design and by changes in the lubricant compesite
compositions.
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MATERIALS SECTION
TABLE LXXV : —';J‘
PHASE I LUBRICANT DEVELOPMENT "ﬂ

Alr Force Contract AF 33(616)-7395

"DEVELOPMENT OF DESIGN CRITERIA FOR A DRY FIIM L
LUBRICATED BEARING SYSTEM" 1

In accordance with the requirements of Exhibit B, Appendix 1 of the coniract
cited above, the following materisl development section iz included in this report.

1. INTRODUCTION

The objective of the lubricant development effort was to obtain a dry
film system capeble of lubricating bearing surfaces at 900°F and 1500°F.
Six proprietary high temperature lubricants were suggested by ASD for -
evaluation in the program. Several additional dry film systems, which -
have demonstrated high temperature potential, have been evgluated. Lub- -
ricant development and evaluation were conducted under two development .
programs for the conditions of load, speed, radiation and temperature
specified by the original contract. One progrem, investigation of inor-
ganic dry film and binder materials was conducted in the Boeing iabora-
tories. A supplementary dry filmr development program was conducted by
Washington State University.

. ,','.'.. [P
. E I )
.L’,..__..'.z.a_J..!,.l

2. LUBRICANT DEVELOPMENT

7

The Boelng Company _J
L J

a. JIubricant Coatings '_::_3
Work accomplished on Phese I of this contract includes the following '-:"'_‘
coating formulation: }
]

(1) NAMC - AML - 23A (Graphite, MoSp and NaySiO3 Binder) L

(2) BAC T glass rlnder + PbS 3

.

(3) PbS + B03 N

(1) PoS, MoSy, BoO3 Coating . .'.q

.-

-

..'1

T2 )



(5) BAC 8, Bi30p + Ag

(6) CaF, + Burean of Standarde A-418 Ceramic Adhesive

(7) PbO + Bureau of Standards A-418 Ceramic Adhesive

(8) CaF, + Ag + Bureau of Standards A-418 Ceramic Adhesive
(9) Ag-PbO Flame Sprayed

Formulas and complete preparations are outlined in Table X.
In addition the following commercial compounds were also evaluated:

(10) bry Film Coating No. 1000
(11) Dry Film Coating No. 811
(12) Dry Film Costing No. M-128k

(13) Dry Film Coating No. 4396

b. Dry Film lubricant Screening Teat Equipment

(1) Felex Test

Initial test work on Phase I of this contract was done on the
Falex Tester to select a sultable bvinder material. Thnree com-
positions uuing BAC-7 binder were selected on the basis of 16
Falex testas. Falex test results are summarized in Tadble VII.

.L“‘

(2) Boeing Galling Machine

Prior to obtaining the high speed bearing equipment necessary

for this contract scme testc vere conducted on The Boeing Campeany
Galling Machine. These tests vere conducted at 3.5 feet per
minute. Results are shown in Figure 26 and 27. An attempt was
made to approach conditions found in high speed beariuge by
running the Galling Machine at 300 feet per minutes, with a 50 pei
load. Results of these tests are included ir Figare 27. Ouv the

»

basis ¢f dats obtained in this manner the PbS, Graphite, BAC-7 . 91
glass coating was selected as the best Boeing forsulation for use o
at 900°F. R

R

g

{3) High Speed Spindle

-
0
2l

Thie equipment is s modified high speed epindle driven by a five
horsepawer 3600 rym electric motor. The teat spindie speed of
15,000 rpm 1s cbtained in a single step up pulley with & nylen
flat belt, The varicus components of the test set-up are shown
in Figure 28.
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- D- Sudden rise indicates
fajlure of coating.
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BAC GALLING MACHINE TEST

Speed - 3.5 ft/min.

Temp. - S00°F

Load - 2500 psi

Pletes & Cups - Nicksl
Alloy X

b
|
|
i
|
|
|
)

”
— s ———

L L
100 150
BEARING LIFE - LINEAR FERT

FIGUHE 26 BOEING GALLING TESTS, FRICTIOR VS,

ﬁ) 25%) o

LIFE CURVES, 1OW SPEED

- Galling point undeterminable BAC GALLINUG MACHINE TEST
[£=> dus to high coefficient of {108 SPEED, LIGH? LOAD) 2
friction. Speed - 300 ft/min.
- Teap. 900°F
~— - load - 20 & 50 pei
i va-cmpmw-mc;(\ Flates & Cups - Nickel Alloy X o
Glass (20 psi losd) ~— e[ -
S i
PhO-Grapiite-BAC-7 Glass (50 psi load)
L o 2 i 1 1 PN
2000 5000 $000 8000 10, 000 :
HEARING LIFE - LINEAL FEET :
FIGURE 27  BOEIMG GALLING TESTS, FRICTIOK VS. LIFE CURVES, HIGH SPEED
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OIL MIST LUBRICATOR R
FOR SUPPORT BEARING

o TEMPERATURE
g RECORDER N

FIGURE 28 DRY FILM SCREENING TEST APPARATUS
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C.

load was applied by applying S and 10 pound lead weights to

the load arm to obtaln variouz load requirements. The load vwes
applied to the bearing housing through a yoke hinged at the shaft
centerline. This method provided self-alignment for the straight
bore plain bhearings.

Coatings 1 through 5 and 9 through 12, previously lisied, were
eveluated on titanium carbide plain bushings and shafts at

3100 feet/min. in increasing load type screening tesis on the

high speed spindle., See Table VIII for results of these screening
tests. Photographs of shafts and bearings after test are shown
in Figures 29 and 30. 'fhe use of this screening test was dis-
continued because of the high cost of machining carbide shafts

snd bushings.

(4) 15,000 rpm 900°F Ball and Foller Beuring Tests

Lubricant coatings 4, 6, 7, 10 and 11 were applied to ball and
roller bearings and evalustad on the 15,000 rpm, 900°F bearing
test machine. Test results are listed in Tables II and III.

Methods of Lubricant Application

Various methods of lubricant gpplications were investigeted and
included the following:

(1) Spraying - Commercial solid lubricants and Boeing compounded
ceramic type lubricants were applied in this manner.

(2) Flame Spraying - An attempt to apply lubricant coating Fo. 9
to titanium carbide cermet shafts and bushings did not prove
feasible.

(3) Electrophoretic Deposition - This method involves the application
of a lubricative materiasl and binder out of a colloidal =uspen-
sion by the use of sn electrical currest of very small amperage
and relatively high voltages. Coatings 6, 7 and 8 were applied
in this manner.

When all of the lubricant tests were analyzed and specimens sxamined
i1t was found that none of the dry films tested had sufficient wear
life.

Accordingly a new approach to extend lubricant life was initiated.
This approach uses a full ccmplement bearing with rolling element
spucers made from a lubricant composite material., Balls and yollers
made from graphite and combinations of MoS, and Ni, 50%-50%, 70%-30%,
80%-20% and 90%-10%, have been fabricated. Data covering tests on
graphite and on MoSo-Ni 50%-50% are included in Table IIL of this
report.
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NO LUBRICATION COATING 811
TEST #4 TEST #5

BAC-T7 BINDER LEAD SULPHIDE
TEST #6 TEST #1

N.A.M.C.-23A DRY FILM

FIGURE 29 - SHAFTS AND BEARINGS AFTER TEST
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COATING M-1284 NO LUBRICATION
TEST #8 TEST #9

CCATING M-1284 COATING 4396 Tf
TEST #10 TEST #11

FIGURE 30 - SHAFT8 AND BEARINGS AFTER TEST
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In order to determine the decomposition of titenium carbide KL62B
the powdered material. was subjected to thermal gravimetric analysis
and differential thermsl analysis. The results of these anajyses are
showvn on Figure 31.

Washiogton State University

During Phase I of this contract Washington State University obtained a
15,000 rpm 3100 feet/minute sliding friction machine for conducting
screening tests. OSee Figure 32. Thils tester employs & simple reusable
carbide stationary block which is pressed against a ring rotating at
3100 feet/minute. The rings are easily made from pressed rings of KL62B
and can alsc be remachined. The pressure between the block and the ring
can be varied. Friction coefficient and temperature of the block are
measured during the ru.

The initial twelve runs made on the above machine used an increasing load
procedure with inspection of the test block at 10 minute intervals. This
procedure is outlined in Teble XI. It was then decided that this pro-
cedure was too complex and time consuming. A simplified procedure was
initiated in which a ten minute break-in period at a 4-pound load was
followed by a 50 minute run at 20 pound loasd. No inspection of the test
block wes made until completion of the test. A detalled description of
this proccdure is shown in Table XIT.

Coatings developed by Washington State University and The Boeing Company,
as well as commercial lubricants, were subjected to screening tests on the
equipment cited above.

A total of forty-eight screening tests were ccnducted. ‘Me values of
frietion coefficient, wear and temperature (uvtsined in these tests are
suatearized in Tebles XIIT and XIV. Typical friction curves are snown in

Figures 33 and 34. A photograph (Figure 35) illustrat~s wear scars on
the test blocks.

In addition to the above tests, high speed ball bearing tests using 52100
steel bearings were conducted. The particular bearings used for these
tests were 204K-OL bearings lubricated with phthalocyanine lubricant.

It will ve noted that the 52100 bearings were exposed to temperatures of
S5Q0°F for four hours in the phthalonitrile bath. This exposure would
reduce the hardness of the bearing elementis considerably. Test results
are included in Table IX.

Development work was initiated on the phthalocyanine coatings and the
phosphonitriliic chloride polymers.




; Thermal Grevimetric Analysis
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FIGURE 32 WASHINGTON STATE UNIVERSITY TESTER
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SCREENING TEST

0.5 - SHOWING FRICTION & WEAR COMPARISONS
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No lubricant. No lubricant.
Scar area = -0570 in2, Scar area = .0588 2.

No lubricant 2 Lubricant - 12684 (Coated by Boeing)
Scar area - .0565 in®, Scar area = .0811 in2

Lubricant - B.A.C. Ceramic Dry Film Lubricant - phthalonitrile bath wih
(coated by Boeing) specimeng oxidized at 1000°F
Scar area = .0637 in? Scar area » .0490 1n°.

FIGURE 35 WEAR OF CARBIDE TEST BLOCKS
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An orthophthalconitrile bath was set up to coat titanium carbide specimens.
Parts were immersed in this bath for several hours at 590°F to produce a
chelated phthalocyanine coating.

In an effort to produce heavier more wear resistant phthalocyanine lubri-
cant coatings a program of oxidation pretreatments for titanium carbide
was initliated.,

Oxidet.on pretreatments for titanium carbide included the following:
(a) Exposure for periods of up to 24 hours at 1000°F in air.

(b) ZIumersion in concentrated HN03 room temperature.

(¢) Tamersion in boiling NaOH 20%.

(d) Immersion in concentrated Cr03 for 24k heurs at room temperature.
(e) Immersion in concentrated Cr03 for 64 hours at room temperature.
(f) TIrmersion in concentrated KMnO), for 64 hours at room temperature.

(g) Immersion in concentrated (rmu)aceoh * K50 for 17 hours, boiled
for four hours.

(h) Exposure to temperatures up to 2200°F for four hours max.
DISCUSSION OF RESULTS
Th. Boeipg Company

8. Dry film screening tests using {itanium carbide shafts and bushings
demonstrated that M-1284 (see Tdole VIII) was the best dry film
tested. However, it is not felt that the results from this test were
conclusive due to (1) the dependence of the results of mechanlcal
factors such as the bushing shaft clegrance and (2) cracking of the
bushings which terminated some of the test runs premaiurely.

b. A plain bearing wvas run in the bearing test machine for 17 hours in
air at 900°F using a phthalocyanine lubricant coasting. The change in
dimension of the thrust face of the bearing (0.01% inch) indicated
that the coating had completely worn off. The continuing low friction
level would indicate that the carbide surface was to scme degree self
lubricating. The friction coefficient during the run decreased from
an initial value of .30 to .25 at 17 hours. After the run, a yellow
powder type substance covered the bearing housing end bearing. X-ray
diffraction and spectrographic analysis established that this material
vas mainly & combination of rutile (TiOg) and nickel oxide (Ni0O) in the
ratio of 2 to 1. This material was evident,ly formed by the oxidation
¢f the carbide and acted as a lubricant.
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c. The results of ocne test in vacuum at 10~6mm Hg, Teble I, indicate
that phthalocyanine is not a good lubricant for a vacuum system.
Therefore it was not considered for future tests.

d. Results of tests using lubricant composite spacer rollers, Table III,
appear promising. This approach was investigated at greater length
during Phase II at 1500°F.

Washington State University

Test results of all screening tests are included as Tables XIIT e¢nd XIV.
All lubricants tested on the Washington State University screening tests
appeared to be inferior to the phthalocyanine lubricant except 'Pg".
(See Figures 33 and 34).

Of the oxidation pretreatments investigated at Washington State University,
the 4 hours at 1000°F in alr and those in Cr03 appeared to be the most
pPrawising.

The.method of applying phthalocyanine lubricant coating at Washington
State University was satisfactory. However, this material is very limjted
relative to heat resistance and therefore was not used in further tests
aver 900°F.

The lubricant £f1lm screening test machine constructed by Weshington State
University showed a high degree of correlation with the Boelng bearing
test machine.
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TABLE Xl

TEST PROCEDURE WASHINGTON STATE UNIVERSITY LOAD SPECTRUM TEST

A.  Temperature ~ Induced by Friction
5. Load

1. 1 pound for 10 minutes
2. 4 pounds for 10 minutes
3. 8 pounds for 10 minutes
4, 16 pounds for 10 minutes
5. 20 pounds for 20 minutes

C. Test to be stopped at each 10 minute interval, wear scar area of block measured and
parts inspected. The exception here is the 20 minute interval without stopping at the
20 pound ioad.

D. The following data is taken during the test:
1. Friction coefficient (by use of a strain gauge and recorded by a Brush analyzer).
2. Bearing temperature, °F.

3. Speed, feet/minute (not recorded but kept constant).

4. Lload, lbs.

2

5. Wear scar area, in.< at each ten minute interval .

6. Time, minutes.
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TABLE X1

L'_! TEST PROCEDURE WASHINGTON STATE UNIVERSITY 20 POUND LIFE TEST -Q

A. Temperature - Induced by Friction

- B. Load
1. Break in period at 4 pound load for 10 minutes.
: 2. Load increassd from 4 pound to 20 pound over a time interval of 1 minute. -
l 3. Test continued at the 20 pound load for 49 minutes, making the total run time .
60 minutes.
.' C. Duration ~ Test run continuously over the 60 minute period with the speed maintained ..'
at 3,100 feet/minute. B
D. Data Taken During Test -
ﬁ 1. Fiiction coefficient (by use of a strain gauge and recorded by a Brush analyzer). q
2. Bearing temperature, °F. ‘
3. Speed, feet/minute (not recorded but kept constant).
! 4. Load, Ibs. >
7 5. Time, minutes. “
o E. Data Taken After Completion of Test - Wear scar area in square inches. _i
. % E
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PHASE II LUBRICANT DEVFTOPMENT

INTRODUCTION

The thin films of s0lid lubricants tested during Phase I were not satis-~
Tactory for operation under the conditions required for bearing performance
in Phase IT of this contract. Therefore, lubricent development work for
Phase IT was directed toward the use of lubricant composite materials
described in the Phase I Materials Section, Lubricant Development on

pages TT & 86 of this report. Various changes and redirections of the
Phase II portion of the contract are described on pages 39 and 4O

of this report. Durirg Phase II all of the lubricant development was done
in the Boeing laboratories. A supplementary testing program was conducted
at Washington State University.

LUBRICART DEVELOPMERT

a. The Boeing Company
Dry-Pressing

The jinitial investigetion into the development and fabrication of
lubricant compesite materials consisted of a series of dry pressing
tests at room temperature. These tests were accomplished by compacting
molybdenum disulfide powder under various loads from 3080 psi to
185,000 psi. Neither MoSo, nor mixtures of MoS, and binders, nor the
substitution of other materials for MoS, produced lubricaut composites
with fracture strengths equal to or exceeding the 460-pound fracture
strength of the base line material, ATJ graphite (see below). Data

covering forty-one dry-pressing tests are included as Tables XV and

Fracture Testis

To provide some rapid preliminary method of screening the lubricant
composite materials, a procedure was established for determining their
fracture strength. This was accomplished by placing a short piece of
the composite in the "V" of a standard Falex "V" block and applying &
compression load with a 9infius-Olsen Tensile Machine. This procedure
was later revised and a Brown and Sharpe "V" block No. T50A was sub-
stituted for the Falex "V" block. Fracture tests were conducted on
all fabricated specimens. Data covering fracture tests are included
in Tables XV, XVI and XVII., Phase I bearing tests showed that AIJ
graphite had sufficient sirength to be used for spacer-rolling elements.
Therefore, ADJ graphite was consldered as the base line material. The
fracture strength of ATJ graphite was found to be L6C pounds when
tested as described above. In all followlng work, attewpts were made

to produce lubricant composites equal to or better than ATJ graphite in
fracture strength.
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Exposure Tests

A minor screening test emploved during part of the Phase II program
involved subjecting the finished lubricent composites to exposure in
a vacuum at 1500°F. The vacuum system nsed produced a vacrum of only
25 microns; consequently, some of the composites suffered from slight
oxidation.

Friction snd Wear Tests

A supplemental screening test for the determination of friction and
wear characteristics of the lubricant composites was conducted on g
complementary Boeing sponsored effort. In this test, lubricant com-
posite specimens were loaded asgainst a rotating K162B titanium carbide
ring at a surface speed of 7000 ft/min. Tests were run for a period
of ten minutes under light load (5 lbs.) at room temperature. Data
covering results of the 66 tests conducted are included as Table XX.

Hot Pressing

Since dry-pressing did not produce the requlired 460-pound fracture
strength desired, efforts were directed toward hot-pressing. Dies
3-1/2 inches square and five inches long were made of ATJ graphite.
(See Figure 36). A hole was drilled the length of each die to provide
a die cavity. Considerable difficulty was encountered with the orig-
inal set of dies. This was overcome by careful reaming of the die
cavity. Final sizing of the pressed blanks was accomplished by
grinding.

Lubricant composites were fabricated by: (1) heating mixtures of
Jubricants and metallic or inorganic binders in a vacuum furnace to
350°F to drive off water vapor, (2) mixing thoroughly, (3) pressing
the lubricant materials at room temperature in the graphite dies to
insure sufficient material to .abricate the necessary numbers of
rollers, (4) preheating the dies to 1200°F, (5) hot-pressing at
temperatures of from 1600 to 2500°F, (6) cooling under load to 1400°F,
(7) cooling without load from 1400°F to SO00°F and (8) pressing the
lubricant composite from the die. Some variabtions to the above process
have been used and are noted in Tsble XVI. Table XVI lists all of the
lubricant composite specimens as well as duplicate and formulated but
not fgbricated specimens.

Thermal Expansion Measurements
Bearing test failures cited in Table IV were attributed to the dimen-
sional instebllity of the lubricant composite spacer rolling elements.

Therefore, a series of linear thermal expansion measurements were con-
ducted to determine the amount or dimensionsl change.
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Measurements were made on the titanium carbide K162B bearing material,
and on hot-pressed compacts of MoS, with 0, 10 and 15% nickel binders.
The gpecimens used were 0.420- to 0.500-inch dismeter cylinders ) to
2 inches in length. They were heated in a quartz dilatometer to
850°C (i562°F) in a 99.996% pure argon atmosphere. Measurements were
obtained at 100°C increments during the heating and cooling cycle-,
The heating and cooling rates were maintained between 2 and 3°C pe-
minute. Below 300°C the rate of cooling decreased because of the low
heat loss of the furnace.

Initial measurements made on the K162B carbide material (Figure 37)
correlate within 1% to the thermal expansion measurements made by the
National Bureau of Standards Report No. 1503.

The hot-pressed MoS, compact No. 212 (Figure 38) exhibited a signifi-
cant dimensional instability above 600°C in the initial measurement.
The specimen was maintained at 850°C for 20 hours before stability was
noted. An increase in specimen length of 0.020-inch was measured
after test. It was considered that the 20-hour soak at 850°C should
have significantly eliminated the dimensional instability of the
material. A second thermsl expansion meassurement showed slight in-
stability (0.00l-inch specimen growth) between TOO® and 800°C.

The thermal expansion of lubricant campact No's. 35 and 149 which had
10 and 15% nickel binders respectively are shown in Figure 39. The
10% binder compact material exhibited dimensional instability similar
to, but less than, the MoS, without binder. A very slight dimensional
instability was noted with the 159 binder material at temperatures to
TO0°C., The expansion of this campact is within 0.002 inches per inch
of the titanium carbide K162B material st TO0°C.

In oxrder to overcome the dimensional instsbility observed in the com-
posites they were heat-treated at 1800°F in an argon atmosphere for
four hours.

The linear thermal expansion for ten compositions after stabilization
and for the titanium carbide cermet KL62B bearing material are plotted
in Figure 40. The thermal expansion of compositions 1lik, 204 and 21k
were measured gt 200°C, k00®C, 600°C and 800°C. No dimensional in-
stability of these materials was evident. In order to expedite the
thermal expansion messurements on the remaining compositions, measure-
ments were obtained only at temperatures of 200°C, L00®C and 600°C.
This data was then extrapolated to 800°C.

Selection of Composite Materials for Bearing Tests
For the initial Phase II bearing tests the lubricant composite
materials were selected on the basis of theilr fracture strength. Com-

positions which exhibited fracture styengths in excess of ATJ graphite
were selected for Phase IT bearing tests 1 through T.
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For Phase II tests 8 through 13 the selection of compositions was
based upon the friction and wear tests conducted at Washington State
University, as well as, fracture strength data. Friction and wear
properties were considered to be the best criteria for the selection
of lubricant composites. Because of time required in obtalning ihis
data, an alternate criteria for the selection of lubricant composites
was investigated. It appeared reasonable to assume that the perform-
ance of a lubricant composite would be related to the percentage of
lubricant in the composite and its fracture load. An emperical
equation was written to represent the performance rating (PR} .. a
lubricant composite:

PR = (percent lubricant) x (fracture loed)

This equation was used to compare camposites with equal fracture loads.
Using this equation the coumposite materisl with the highest percentage
of lubricant would receive the highest performance rating. Approx-
imately 100 camposite materials were rated using the above equation.
Only limited correlation was estsblished between the performance rating
obtained by the equation and the actual friction and wear measurements
made on the ma%erial. Redirection of the contract prohibited a com-
plete analysis of this rating technigue.

For the Phase II redirected program the lubricant-campact materials
were selected on the basis of minimmm wear and friction characteristics
obtained in previous screening tests conducted at Washington State
University at 1500°F and in The Boeing Company laboratories at room
tempersture.

Separator Material Febrication

Fingl hot preesing work on the contract involved the fabrication of
lubricaat composite specimens 1.75" in diameter by 5/8" thick to be
used as the lubricant separators for full scale bearing tests under
the redirected program. The following lubricant composites were
selected for tkis portion of the program: No's. 99, 1lhl, 169, 417,
421, 425 and 513. Of these, only sp=cimen No's. 99, lil and 425 were
successfully incorporated and tesied in the full scale bearing tests.
The remaining composites Ko's. 169, 417, 421 end 513 all contained
numerous cracks when hot-pressed into the larger specimens described
sbove, Insufficient time prohibited further investigation of this
problem.

Washington State University

Washington State University completely redesigned their high-gpeed
8l1ding friction machine for operation to 1500°F. This machine used
cylindrical test specimens fabricated at Boelug fram lubricant com-
posite materinls. The composite was held staticnary and was loaded
against a titaniuwm carbide K162B ring rotating at a surface speed of
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T200 feet per mimite. With this modification, the sliding friction
machine wvas used to determine the coefficient of friction and wear
rates of lubricant composite materials. The extremely small frictional
force expected when the lubricant composites were subjected to loads of
one pound or less necessitated a precise messurement of minute friction
forces. Therefore, in the redesign of the sliding friction machine,
considezable attention was given to the friction messuring system. The
grinder shown in Figure 41 was added to the machinz to facilitate re-
finishing the K162B rings without their being removed fram the test
machine, ™his established better conmtrol of test-ring concentricity.
Details of the W.S.U. test machine are shown in Figures 42, 43 & UL,
These figures show the arrangement of torque bar, motor, drive system,
furnace, test specimens, oil lubricator and tool post grinder.

e carbide test ring was mocunted on a stainless steel shaft. The
mounting method used 18 the tapered mount described in ASD TR 61-153.
This method permitted mcunting of rings or bearings on shafts which
have different thermal expansion coefficients. The rounting method
performed satisfactorily in all of the tests conducted at W.S.U.

Initial runs on the W.S.U. machine were conducted to determine the
optimum losd necessary to produce .003 inches of wear on AT graphite
during a forty-minute run. With a load of one pound the wear was
found to be 0.094% inches at the end of forty minutes. Table XIX and
Figure 45 contain information on run time vs. wear scar width at a
one-pound load. Excessive vibration made it impossible to conduct
testes ut lower loads.

A test firing of the furnace shown in Figure 43 was conducted to
determine the time necessary to heat the ccmplete unit Including test
ring and lubricant composite to 1500°F. The heating cycle used is
shown on Figure 46. A total of forty-one runs were made on the W.S.U.
tester, these included an initial run on ALJ grephite at room temper-
sture and friction and wear teets at high temperature on lubricant
camposites. Data covering lubricant couposite friction and wear tests
can be found in Tables XVIII, XIX and Figure 47.

DISCUSSION OF RESULTIS

Data covering both dry and hot-pressing of lubricant composites are given
in Tables XV, XVI and XVII. The chemical composite, fracture load, and
the pressing load temperature-temperature relationship for each camposite
are included on the aforementioned tables. Theoretical density versus
pressing loasd, and fracture strength versus pressing losd for molybdenum
disulfide composites are included in Figures 48 and 49 respectively. The
distribution of Ni in MoSp in mixtures of 10% Ni-90% MoSy and 5% Ni in 95%
MoSo are shown in Figure 50. These photomicrogrgphs illustrate the uniform
distribution of the nickel binder (1light areas) in the MoSp matrix.
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Twoe bhundred seventy-two hot-pressed lubricant composites with fracture
strengths equal to or greater than the 460 pound fracture strength of
ATJ graphite were «btained.

Lead oxide was the only material other than MoSp, that was successfully
compressed into a composite without the use of binders.

Lubricant composites were not adversely affected when heated to 1500°F
for one hour in a vacuum of 25 microns.

Forty-one tests were conducted on the W.S.U. high speed, high temperature
test machine. The test temperature, wear scar, friction coefficient,
surface speed and test duration are shown in Tables XVIII and XIX. Of
the sbove tests two lubricant composites No's. 99 and 144 compared very
favoravly with ALJ graphite at 1500°F in regards to wear and friction
coefficienc. Initial testing on the W.S.U. high speed-high temperature
machine was hampered by serious vibration problems. Tnerefore data from
the originel tests may be inconclusive.
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